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For a condensation process, liquid on the wall of a condenser creates an extra thermal resistance thus 
is detrimental to heat transfer. Separating the condensate from vapor is one of the ways to improve heat 
transfer and reduce pressure drop. This work presents an experimental and numerical study of separation 
of liquid and vapor as a way to improve the effectiveness of microchannel (MC) condensers at little cost. 
Condenser prototypes have been designed to have the inlet in the middle of the height. After the 1st pass 
(multiple parallel microchannel tubes brazed together as one part by aluminum louver fins), liquid 
separates from vapor inside the vertical second header (manifold tube with a plural of parallel 
microchannel-tube branches) mainly based on gravity. The liquid goes down to the lower, smaller passes 
downstream, while the vapor goes up into the upper, larger passes. This gravity-aided design only 
changes the pass circuitry of conventional condensers, thus it incurs almost no additional cost on 
manufacturing. 
Experiments on an R134a mobile air conditioning (MAC) system first confirm that a condenser 
prototype with the separation circuitry outperforms a conventional condenser baseline. In the heat 
exchanger-level tests, while having the same refrigerant inlet and outlet temperatures and the same air 
inlet condition, the separation condenser has a maximum increase of 7.4 % for the refrigerant mass flow 
rate compared to the conventional condenser. The increase in heating capacity for that is 5.1 %. In the 
system-level tests, while having the same cooling capacity, the COP of the system with the separation 
condenser is 1.3 % to 6.6 % higher than the system with the conventional condenser. 
Then, to understand the phase separation phenomena, separation experiments are conducted in two 
different second headers (D=15.1 mm and D=23.7 mm) for typical MAC condensers and the internal two-
phase flow is visualized by a high-speed camera. R134a is the working fluid and the mass flux through 
the inlet microchannels is 87– 311 kg·m-2·s. Results show the liquid separation efficiency, ηL, decreases 
as the vapor separation efficiency, ηV, increases. As the mass flow increases the velocities increase, 
especially when combined with increasing quality. These two effects mix phases and reduce ηL. Three 
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general flow regimes are revealed in the second header for the scenario of non-perfect separation: upward 
co-current flow, counter-current flow, and downward co-current flow. Liquid entrainment depends on 
whether the local vapor velocity reaches a threshold velocity related to the interfacial drag force, which is 
determined based on the flow regime.  
Based on the experimental results, a 1-D numerical model has been built for the first time to predict 
the separation efficiency. The modeling results show ηL is higher with a larger diameter of the header, 
confirmed by experiments. The model predicts ηL is higher with more inlet tubes for the same inlet mass 
flow rate and inlet quality to the header. For a fixed header geometry, at the same inlet mass flux and inlet 
quality, three refrigerants are simulated. The order of ηL at same condensing temperature is: R32 > R134a > 
R245fa. 
3-D CFD simulation is also conducted for the separation phenomenon. Results are validated against 
the experimental data. It is found from the CFD results that vortices exist between each two adjacent MC 
tube intrusions, making the other half of the header (as opposed to the intrusion side) the free-flow region. 
Reverse flow is found on the intrusion side of the exit planes. Pressure variation in the axial direction is 
larger than that on one cross-section, indicating the usefulness of 1-D pressure drop correlations for flow 
in headers. 
With the model for the second header, an experimentally validated, steady-state condenser model has 
been built for the first time. For the second header, when the flow resistance downstream of it changes, 
the pressure boundaries change thus altering the separation efficiency. Results show that the trade-off 
between high quality and high mass flux for the flow in the upper passes limits the improvement of 
performance. Optimization for the separation condenser using R134a is performed on pass circuitry, fin 
density, and air velocity distribution. Fin density and air velocity capitalization work better for the 
separation condensers with a higher area ratio of the upper passes to the liquid passes. The optimal 
separation design with variable fin density and variable air distribution has a 17.8 % increase of 
condensate flow rate (more than twice of the original 7.4 % improvement by the separation prototype) 
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Chapter 1 INTRODUCTION 
 
1.1 BACKGROUND AND CONCEPT OF SEPARATION CIRCUITRY 
Microchannel heat sinks were developed in 1980 (Tuckerman and Pease, 1981) to solve the 
problem of high heat dissipation in semiconductor chips that limited high-performance 
computing. Later, microchannel heat exchangers (MCHXs) began to gain more and more 
attention from scholars and researchers in various industries such as automobile, aerospace, 
power generation, and petroleum. In Heating, Ventilation, Air-Conditioning & Refrigeration 
(HVAC&R) industry,  microchannel condensers emerged in the 1990s as a replacement of the 
traditional round-tube-plate-fin (RTPF) condensers. Compared with RTPF condensers, 
microchannel condensers have the advantages of high overall heat transfer coefficient, lower 
refrigerant inventory, compactness, and lower weight. Mobile air conditioners (MACs) were the 
first to adopt the use of microchannel condensers based on the usage of microchannel radiators 
that were in use earlier. Almost at the same time with the commercialization of microchannel 
condensers in automotive systems, the potential use of microchannel condensers for other HVAC 
systems has been studied. 
As shown by Figure 1.1, a microchannel condenser consists of multiple parallel 
microchannel tubes brazed together by fins. Along the height, the condenser is usually separated 
into several passes with reducing tube numbers in each pass going downstream. A header 
(manifold tube with a plural of parallel microchannel-tube branches) is the part that connects 
adjacent flow passes. A cutaway of a header is shown in Figure 1.2. In heat exchangers, the 




Figure 1.1 A typical 4-pass automotive, air-cooled microchannel condenser 
 
Figure 1.2 Cutaway of a header of microchannel heat exchanger (Tuo, 2013) 
rectangular cross-sectional profile, as shown in Figure 1.3. The channels or ports in one tube can 
be of square, round, or triangle shape. The microchannel tubes are often made of aluminum by 
the extrusion method. The fins are normally aluminum louver fins brazed onto the tubes. One fin 
 




Figure 1.4 Louver fins (from Internet) 
has multiple parallel open slits, as shown in Figure 1.4, to make local air vortices to enhance heat 
transfer. When working, the air blows perpendicular to the condenser (cross-flow) shown in 
Figure 1.1. 
For a condensation heat transfer process, liquid on the wall of a condenser is detrimental, so 
the heat transfer coefficient usually decreases monotonically with the quality. Figure 1.5(a) 
shows a model prediction of HTC of R134a by correlations of Cavallini et al. (2006) and Figure 
1.5(b) shows the frictional pressure drop gradient (dP/dz)f of R134a by correlations of Cavallini 
et al. (2009). At the same mass flux, the high-quality (0.9-1) two-phase refrigerant can have 5-7 
times higher heat transfer coefficient (HTC) than a low-quality (0-0.1) two-phase refrigerant 
does, depending on the category of refrigerant. It is clear that separation of liquid would be 
beneficial to improve the heat transfer of condensation, provided the mass flux is maintained the 
same. 
Multi-pass design of microchannel condensers provides the opportunity for the search of 
maximized performance by increasing the mass flux as condensate is formed, affecting local heat 
transfer on the refrigerant side. Typically, the number of tubes in the circuit is reduced, providing 
a situation as in Figure 1.6. After a short single-phase zone for superheated vapor from 







Figure 1.5 (a) Heat transfer coefficient of R134a in a 1mm smooth tube at Tsat=40 °C (Cavallini et al., 
2006); (b) Frictional pressure gradient of R134a in a 1mm smooth tube at Tsat=40 °C (Cavallini et al., 
2009); 
quality equals to 1. Then, HTC has a generally falling trend and the kink at the beginning of each 
pass is due to mass flux increase. 




Figure 1.6 Local in-tube HTC of a 4-pass MC condenser 
 
(a) Baseline condenser 
  
(b) Separation condenser 
Figure 1.7 Schematic of a three-pass microchannel condenser: (a) Baseline; (b) Separation 
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Figure 1.7(a) represents a conventional microchannel condenser and Figure 1.7(b) presents its 
corresponding separation design. Different from a conventional multi-pass condenser in which 
flow enters from the top and exits at the bottom, the separation condenser is designed to have 
liquid separation from vapor in the vertical second header by placing the inlet at the center of the 
condenser height. After de-superheating in the 1st pass, vapor flow will be condensed to a certain 
quality, depending on different operating conditions, at the end of the 1st pass, e.g. inlet of the 
second header (separation header). The relatively light vapor phase is expected to move upward 
owing to buoyancy based on the density difference between the vapor phase and the liquid phase. 
Meanwhile, the liquid phase moves downward along the gravity direction based on larger density 
and high viscosity. This separation between vapor and liquid is based purely on density 
difference, which will provide no additional cost for manufacturing. 
When condenser face area and total heat transfer area are fixed, the separation circuitry can 
potentially improve heat transfer performance by utilizing the high heat transfer coefficient of 
separated vapor and giving more heat transfer area (more microchannel tubes) to this vapor flow. 
If the mass flux of vapor can be kept the same with non-separated refrigerant, it should have a 
much higher heat transfer coefficient. 
Figure 1.8 shows the HTC profile of R134a along the flow path for the two condensers in 
Figure 1.7 at condition ṁref = 38 g·s-1 with presumed separation result in the second condenser. 
Vapor quality coming into the 2nd-upper pass, xU, is assumed to be 1 for the separation condenser. 
Local HTC of the 2nd-upper pass in the separation condenser is significantly higher than that of 
the 2nd pass in the conventional condenser baseline. This trend continues for the first half of the 
3rd-upper pass. It is because the refrigerant enters the 2nd-upper pass as vapor phase (xU = 1) and 




Figure 1.8 In-tube heat transfer enhancement of the separation condenser (modeling results using 
correlations by Xiao and Hrnjak, 2017. R134a, ṁr = 38 g/s, Pri = 1408 kPa, Tri = 78.9 ̊C, Tai = 35.1 C̊, vai = 
3 m/s) 
(22.8 g·s-1 flowing in 7 tubes out of 17 tubes of the 2nd pass) than in the 2nd pass in the 
conventional condenser, so that the HTC in 2nd-lower pass does not drop too much. After 
entering the 3rd pass, the benefit of mass flux at the 3rd-lower pass starts to show: HTC is higher 
than that in the 3rd pass of the baseline. ΔPr of the conventional condenser is 27.0 kPa and ΔPr of 
the separation condenser is 26.8 kPa. The pressure drop in the two condensers is similar because 
the mass fluxes are similar and flow lengths are the same. Overall, UA of the separation 
condenser is higher than that of the conventional. The exit temperature Tcro of separation 
condenser is lower than that of the baseline condenser by 1.3 K. It is achieved by the combing 
contribution from both the upper passes and the lower passes. 
A valid question would be how much separation really exists in the vertical intermediate 
header where buoyance based on density difference serves as the dominating separating 
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mechanism – i.e., xU = ? Questions that also need to be addressed include what are the influential 
parameters on phase separation in the second header and what is the effect of separation on the 
condenser performance and an air-conditioning system.   
1.2 STRUCTURE OF THE DISSERTATION 
In addition to the introduction chapter, this dissertation is organized in 7 chapters. Chapter 2 
presents a literature review about previous work carried out in separation application in heat 
exchangers and separation of two-phase flow in headers. After the literature review, Chapter 3 
demonstrates the experimental confirmation of improvement by the concept of separation on a 
MAC system. Results show condenser improvement and coefficient of performance (COP) 
improvement of the system. The design of the separation condenser relies on the separation of 
two-phase refrigerant in the second header. To understand the mechanisms of phase separation 
better, Chapter 4 demonstrates the measurement of separation (through phase separation 
efficiency) in a transparent header prototype with the aid of flow visualization. From the 
experiment results, a 1-D flow-regime-based mechanistic model is built to predict separation 
efficiency, achieving good agreement with experiments. Parametric study of the phase separation 
is performed in Chapter 5. In addition, to reveal more physics of the multiphase phase flow 
inside the second header, 3-D CFD simulation is performed in Chapter 6. The second header 
provides inlet flows to passes downstream in the condenser, so Chapter 7 presents a complete 1-
D numerical separation condenser model that incorporates the second header model. With the 
condenser model being verified, optimization of the separation condenser was done in Chapter 8.  
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Chapter 2 LITERATURE REVIEW 
 
This chapter presents a state-of-the-art review of the most relevant literature related to this 
dissertation. After introducing how separation of liquid from vapor is used to improve the 
performance of condensers, the focus will be moved to where the phase separation happens – i.e., 
the header. The experimental study of phase distribution will be reviewed only in the vertical 
headers, which is the type of header in this study as opposed to the horizontal headers. Then, the 
three most common ways of modeling the flow in headers will be reviewed: analytical, 1-D 
numerical and 3-D numerical. The literature on condenser modeling and optimization will be 
also be covered, as it is relevant to the last chapter and the goal of this study. 
2.1 SEPARATION OF LIQUID FROM VAPOR TO IMPROVE 
CONDENSERS 
Separation of liquid from vapor in condensers which aims at enhancing heat transfer has been 
found in open literature in recent years. The applications will be introduced into two types of 
configuration: separation and extraction.  
2.1.1 SEPARATION CONDENSERS 
As introduced in Section 1.1, the configuration for separation condenser shown in Figure 1.7 
was first proposed by Liu et al. (1998). The authors propose an unequal number of flow passes 
on the upper side and the lower side. Bypass line can be used to transfer the liquid phase to a 
specific location in the condenser. Further, the authors recommend the installation of a separator 
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in the header to enhance the phase separation. Figure 2.2 shows the US patent of Oh et al. (2003). 
Each section (or pass) denoted as “dm” in the figure consists of multiple MC tubes brazed 
together by louver fins. It is claimed that the separation design can enhance the sub-cooling rate 
in pre-sub-cooling section dm4’ as well as in the total sections. It is also claimed the invention 
can have suitable designs to realize the optimum condensing efficiency regardless of the overall 
size of the condenser. The authors investigated experimentally the subcooling sensitivity on the 
 
Figure 2.1 High capacity condenser, US Patent 5752566 (Liu et al., 1998)  
 




ratio Adm4’/ATOTAL. Subcooling is inversely proportional to the ratio Adm4’/ATOTAL and 
Adm4’/ATOTAL is suitable in a range of about 3% - 20%. The condenser can obtain a suitable value 
of heat rejection in a range of 20% to 55% which corresponds to an expression of 0.20 < 
Adm5/Adml < 0.55.  The maximum condenser capacity reached up to about 10.5 kW under their 
reasonable passage area design. 
Won (2006) theoretically optimize the tube array (tube number per pass) in the separation 
condenser in Figure 2.3 by a model. Through testing an unknown number of tube arrays, the 
author claimed optimization is achieved while refrigerant inlet mass rate and air conditions were 
kept as constants. The best tube array is 14-6-3-5-3-4. That array gives a 7% higher heat release 
rate, much less pressure drop, and less charging amount in comparison to the baseline array, 17-
5-3-3-2-5. Nevertheless, the best tube array is restricted by pre-assumed separation and the 
operating condition. 
2.1.2 EXTRACTION CONDENSERS 
Besides the separation configuration, the extraction condenser is another type. In the 
extraction type, there are punched holes on header baffles. As two-phase refrigerant enters the 
 
Figure 2.3 Multi-pass separation condenser (Won, 2006)  
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header, the heavier liquid is extracted through these holes to a lower header, then to passes 
further downstream. Consequently, the extraction of liquid can improve the average refrigerant 
quality of the tube passes and effectively reduce the pressure drop in those passes.   
Wu et al. (2010) present their study on extraction condensers based on several of their earlier 
published patents (Peng et al., 2003; Peng et al., 2007). Figure 2.4 shows the design having 
liquid extraction for an original serpentine type condenser for a residential air conditioning (AC) 
system with a refrigerating capacity of 2300 W. In the two vertical manifolds several liquid-
vapor separators are included to ensure that pure vapor enters the next flow passage. Both 
capillary length and refrigerant charge were optimized to obtain the highest COP and refrigerant 
capacity for extraction condenser and baseline condenser. With the heat transfer area being 37% 
less than the baseline, the extraction condenser performed as good as the baseline condenser. 
Ye et al. (2009) try to extract the vapor phase instead of the liquid phase. Two holes were 
punched in the center of the first two baffles in the headers to introduce vapor from upstream to 
downstream passes while reducing the tube numbers in the de-superheat zone. The authors prove 
that the two-phase zone in the extraction condenser which is denoted as MPP in Figure 2.5 is 
theoretically larger than that in the same-size benchmark condenser (denoted as PF in Figure 2.5). 
 




Figure 2.5 Schematic for extraction geometry (Ye et al., 2009)  
Heat transfer was therefore enhanced while pressure drop was reduced. Experimental data show 
under the same refrigerant inlet condition and outlet subcooling, this technique can improve 
cooling performance as high as 9.6% while the refrigerant mass flow was increased by 13.3%. 
Chen et al. (2012) test the performances of an original fin-and-tube coil condenser and a 
condenser with liquid extraction baffles, as shown in Figure 2.6, on an R-22 air conditioner using 
capillary tubes. The results show the extraction condenser has equivalent cooling capacity and 
energy efficiency ratio as the original condenser while the heat transfer area of the separation 
condenser is only 63.1% of the baseline and the charge amount is 80.3%. The pressure drop of 
the extraction condenser is 48.6%-54.5% less than that of the baseline. 
The benefits of reducing pressure drop are further clarified by Zhong et al. (2014), in which 
they test three different condensers as shown in Figure 2.7. The extraction condenser has the 
same total area of coil tubes with a parallel flow condenser (PFC) and a serpentine condenser 
(SC). The pressure drop of the extraction condenser was reduced remarkably, by 77.1-81.4%, 
compared with that of the SC, and by 57.5-64.6%, compared with that of the PFC, at a heat flux 




Figure 2.6 Schematics of the baseline condenser and the extraction (liquid-vapor separation) condenser 
(Chen et al., 2012)  
 
Figure 2.7 Three tested condensers in Zhong et al. (2014): (a) extraction condenser; (b) parallel flow 
condenses; (c) serpentine condenser 
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proposed by Cavallini et al. (2010) to evaluate the combined thermal performance during the 
condensation in the two condensers. The PF of the extraction condenser is lower by over 50% 
compared to those of the SC and the PFC. Based on the experience with fin-and-tube condensers, 
Zhong et al. (2014) moved on to microchannel condensers. Results show that the average heat 
transfer coefficient of the extraction design exceeds that of the baseline when the mass flux is 
more than 590 kg/(m2s) at a condensing temperature of 45˚C or when the average quality is more 
than 0.57. The pressure drop of the extraction condenser is greatly reduced by 30.5%-52.6%. The 
maximum reduction of the PF value between the two condensers is 52.7% and 55.2% at a 
condensing temperature of 45˚C and 50˚C, respectively. In addition, the minimum entropy 
generation number defined by Saechan and Wongwises (2008) for the LSMC is 13.9%-30.6% 
less than that of the PFMC at 45˚C and 17.8%-27.2% less at 50˚C. 
Luo et al. (2017) developed a model for organic Rankine cycles (ORCs) using plate-type 
condensers with liquid extraction and performed system optimization by the model. Using 
R245fa/pentane mixtures at various mass ratios, the area of the plate condenser with extraction 
was found to be smaller than that of a conventional condenser. Results of a thermo-economic 
optimization showed that the specific investment cost of the ORC with extraction was 13.3–18.4 
% lower than its baseline. Chen et al. (2019) optimized the geometry of a plate-type condenser 
with liquid extracton using their model. The enhanced of R410A heat transfer was confirmed to 
be at the second pass  after liquid extraction. The capacity improved was in the range of 2.2-4.9 
%  and the overall HTCr was improved by 8.1–15.6%. 
Li et al. (2019) studied shell-and-tube condenser with liquid extraction in organic Rankine 
cycles (ORCs). Figure 2.8 shows the diagram in which liquid is extracted, only by density 




Figure 2.8 Shell-and-tube condenser with two liquid extractions in Li et al. (2019) 
that the liquid-separated condensation method is more suitable for low tube diameter, low inlet 
velocity in tubes, high inlet velocity outside tubes, and low cooling water temperature rise. 
Optimal liquid-separated thermodynamic states remain constant with increasing the tube 
diameter and inlet velocities. The specific investment cost of the ORC system can be reduced by 
4.6% (R245fa) at most by adopting the liquid-separated condensation. The authors also 
compared single-pressure evaporation and dual-pressure evaporation for the ORC system. The 
conclusion is drawn that liquid extraction in the condenser is more remarkable for the system 
with single-pressure evaporation. 
To summarize, the ways to remove liquid phase to improve condenser performance include 
(1) separating liquid from vapor during the condensation process and then reassigning the flow 
passages for separated vapor and liquid, respectively; (2) draining the generated liquid to passes 
further downstream or directly out of the condenser. Both separation and extraction may be 
realized via flow passage arrangement / smart circuiting without too much additional cost. 
In this dissertation, the first type – separation condenser will be investigated. Compared to 
the relatively abundant amount of studies on the extraction type, the separation condenser is less 
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studied. Therefore, it is worth exploring the potential in it. In addition, the study on flow in the 
second header will shed light on the two-phase flow study in headers. 
2.2 EXPERIMENTAL STUDY OF PHASE DISTRIBUTION IN 
VERTICAL HEADERS  
For header geometries, the studies of two-phase flow have mostly focused on phase 
distribution from the main pipe of a header to its multiple parallel lateral tube branches. More 
specifically, the research object is an inlet header with flow dividing phenomenon as opposed to 
an outlet header with flow combining phenomenon. Related research domain spans in fields of 
heat exchangers, full cells, nuclear reactor cooling, oil production, etc. 
Flow maldistribution in a header is defined as the non-uniform distribution of vapor and 
liquid flow to each tube of the header. It gains interest because it deteriorates heat exchanger 
performance, causes dry out in evaporators, or even results in compressor failure in flooding 
situation (Hrnjak, 2004; Cho and Cho, 2004; Vist and Pettersen, 2004; Hwang et al., 2007; Tuo 
et al. 2012). Not only on the refrigerant side, during the past decades, maldistribution on the 
water/air side was found to reduce the evaporator capacity (Aganda et al., 2000; Zhao et al., 2017; 
Zhao et al., 2019) since the air-side HTC reduced greatly at smaller water/air velocity but 
increased gently at larger velocity. 
The experimental study of two-phase refrigerant distribution in headers has been found in 
over 100 papers/patents generated from several continents. However, to date, there is no generic 
method to predict the distribution of the two-phase mixtures. Still, in real operations including 
but not limited to MCHXs, it is almost inevitable to feed non-homogeneous refrigerant flow into 
each microchannel tube without placing any distributor. In fact, many variables act together: 1) 
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geometric factors (manifold orientation, manifold inner diameter, tube protrusion, location and 
direction of the evaporator inlet, etc. 2) operating conditions, such as refrigerant mass flux and 
quality in the manifold, evaporating temperature, etc. Other than those, reverse vapor flow and 
induced boiling instability could also cause flow maldistribution in microchannel evaporators 
(Tuo and Hrnjak, 2014; Li and Hrnjak 2017). 
To overcome the refrigerant maldistribution, some papers proposed design solutions based on 
experimental trial-and-error investigations, with the key ideas to reduce the impact of pressure 
drop in the header over the whole heat exchanger and to increase the homogeneity of the two-
phase mixture. 
Considering the geometrical characteristics should be representative of the second header of 
separation condenser, only vertical headers are of interest for this literature review. Table 2.1 
presents a summary of previous studies on distribution in vertical type manifold structures. 
Here are several of the literature only to show one facet of the field. Watanabe et al. (1995) 
explored two-phase R11 upward flow in a vertical header with five horizontal round tubes. 
Based on the visualization, the flow regime in the vertical header was initially annular. Along the 
flow, the velocity became lower due to losing mass. The flow regime transited to froth or slug 
flow. If the subcooled liquid entered into the header, no liquid could reach the top three branches. 
Increasing inlet quality up to 0.3 resulted in the top branch tube having liquid flow. This 
phenomenon was even more obvious if inlet mass flux was also increased. Yoo et al. (2002) 
visualized the distribution of air/water mixture in the vertical header with microchannel tubes. 
The cross-sectional area was creatively controlled by the thickness of a spacer plate. The 
observed flow regimes were churn, annular and free-stream flow. Two flow directions were 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































For the upward flows, lower flux and high quality correlate with annular or free-stream annular 
but with higher flux and lower quality the regime shifts to churn. Cho and Cho (2004) studied 
mass flow rate distribution and vapor-liquid phase separation of R-22 in multi-microchannel 
tubes under adiabatic conditions. Among the test parameters, the orientation of the dividing 
header was found to have the most significant effect on the flow distribution and horizontal 
header showed better distribution characteristics than the vertical header. Three flow directions 
into the dividing header were compared, namely, in-line flow, parallel flow, cross flow. The 
distribution was affected by the inlet flow directions but changing inlet quality from 0.1 to 0.3 
did not have too much impact. Lee and Lee (2004) present the protrusion effect on the 
distribution of air/water mixture in a square vertical header with flat tubes. The branch-out liquid 
amount reduces gradually along the flow. Increasing tube protrusion changes the flow regime 
and creates local recirculation, which causes the downstream tubes to have more liquid. The 
optimal protrusion, i.e. at 1/8 depth, is obtained when the flow in the header was homogeneous 
and the liquid distribution was almost uniform. Lee (2009a) conducts experiments in a square 
vertical header with air/water mixture. Fifteen flat tubes were not protruded into the header. 
Visualization results showed three regions were formed in the header with the annular inlet flow. 
In the first region, less and less liquid branched out through the tubes along the flow. In the 
second region, the liquid film separated from the wall at the highest location in this region, so the 
liquid branch-out increased along the upward flow direction. In the last region, liquid 
recirculation appeared, but the trend of liquid branch-out was similar to that in the first region. 
Both liquid film separation location and recirculation in the header affected the distribution 
profile. Dschida and Hrnjak (2008) investigate the effect of refrigerant maldistribution in a multi-
pass outdoor MCHX on the heating performance of a residential mini-split type A/C and heat 
22 
 
pump system. Results show that refrigerant maldistribution in the 4-pass MCHX tested causes up 
to about 25% COP reduction. An effort to improve refrigerant distribution was made such that 
the MCHX was modified into a single-pass design and refrigerant flow was divided into eight 
smaller flows with a conical distributor before entering the header. However, only 5% COP 
improvement was obtained upon the worst case. Zou and Hrnjak (2010) for the first time 
reported and visualized R410A refrigerant distribution in a vertical intermediate header of a two-
pass MCHX with feeding refrigerant flow upward. The refrigerant quality investigated is up to 
0.95. Results show that liquid distribution was a strong function of total mass flux, inlet quality, 
and the flow regimes. 
Besides papers, many patents of various types of distributors have been issued from the 
industries. Those patents are on structural modification, such as adding baffles, distributors, or 
other geometry-specific remedies, etc (Humpolik and Staffa, 1985; Jones, 1989; Mohn, 1991). 
Yet, such diversity reflects the complexity of achieving uniform flow distribution, and more 
importantly, reveals the sensitivity of potential distributors to given operating conditions and 
header geometries. 
Probably the most reasonable experimental study is to get empirical correlations. Watanabe 
et al. (1995) and Byun and Kim (2011) related liquid take-off ratio Γ (ratio of liquid mass flow 
rate in the tube to liquid mass flow rate in the header immediately upstream) with vapor-phase 
Reynolds number. Zou and Hrnjak (2015) added the vapor-phase Froude number into their 
empirical correlations for Γ based on their data for R134a and R410A. 
It is worth pointing out that separation of liquid from vapor has been visualized in recent 
years in the open literature. In the aforementioned Ye et al. (2009), a clear and stable vapor-




Figure 2.9 Vapor-liquid interface from horizontal view near a baffle in the parallel flow condenser (Ye et 
al., 2009) 
header of the parallel flow baseline microchannel condenser. The interface was found right 
above the baffle with a few vapor bubbles on it. When refrigerant exits this section of the header 
in the parallel flow condenser, liquid tends to enter the lower microchannel tubes while vapor 
flows into the upper tubes. As the authors explained, it was due to liquid-vapor separation 
induced by gravity. 
Byun and Kim (2011) investigate the distribution of R410A in a two-pass MCHX. The inlet 
quality to the first header is 0.3 and the average inlet quality to the second header is 0.65. The 
flow patterns are shown in Figure 2.10. For the inlet header, a pool is formed at the bottom, so 
the bottom tubes have more liquid than the top tubes. For the second pass header, two-phase jets 
enter into the header and formed a liquid film. Because of the high axial momentum, only a 
small amount of liquid branches out through the bottom tube. Most liquid exits through the 
middle tubes. When mass flux is increased, the distribution is changed: most liquid exited from 
the top tubes. 
Mo et al. (2014) study a liquid-gas separation unit that can be used in a parallel-flow 




Figure 2.10 Flow pattern photos and sketches at G = 60 kg/m2-s with top inlet and bottom outlet (Byun 
and Kim, 2011)  
arm is designed for air outlet whereas water flows through the hole at the bottom of the header. 
Figure 2.11 shows the appropriate liquid level maintained in the header for a stratified flow inlet 
and an annular flow inlet. The efficiency of liquid extraction is higher than 45% for an annular 
  
(a) (b) 
Figure 2.11 Flow characteristics in the header for (a) a stratified flow inlet; (b) an annular flow inlet (Mo 
et al., 2014) 
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flow inlet, higher than 80% for a slug flow inlet at low liquid inlet superficial velocities, and 
approached 100% for a stratified flow inlet. 
2.3 ANALYTICAL MODELING OF SINGLE-PHASE DISTRIBUTION IN 
HEADERS 
Early publications (before the 1980s) dealt with flow distribution in manifold pipes without 
intrusion and most of them focused on single-phase water flow distribution. The continuity 
equation and the momentum equation were solved analytically. 
Probably the earliest model on distribution dated back to Enger and Levy (1929) from the 
University of Illinois, who were studying perforated pipe underdrains used in rapid sand filters. 
Figure 2.12 displays an extreme case of the variation of discharge from their manifold pipe. They 
assume a pressure head at the closed end of the manifold pipe then calculate the pressures and 
discharges based on friction. Zijnen (1952) analytically solves for flow through uniformly tapped 
pipes. Several cases are studied: laminar flow in a pipe and laminar flow through branch pipes, 
or with discharge through orifices; turbulent flow in a pipe and laminar flow through branch 
 
Figure 2.12 Variation of discharge of a manifold pipe (Hydraulic Laboratory of the University of Illinois, 
Enger and Levy, 1929) 
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pipes, or with discharge through orifices. The first modeling paper that received over 100 
citations is by Acrivos et al. (1959), which models water flow in both inlet headers and outlet 
headers. The authors used their model to investigate the effect of the number of side ports on 
distribution. Results showed that reducing the number made the distribution more uniform until 
friction produces a minimum in the middle of the header. The modeling paper that received the 
most citations so far is by Bajura and Jones (1976). Flow distribution in branches of dividing, 
combining, reverse, and parallel flow manifold systems (Figure 2.13) is studied analytically. 
Depending on the type of the manifold, they simplified the problem into either two first-order 
differential equations involving the flow rate and the pressure-flow equation set, or a second-
order, nonlinear ordinary differential equation (ODE) involving the flow rate alone. 
Dimensionless parameters that affect flow distribution were identified and discussed with respect 
to the generalized coefficients of the analytical model. Later models in this nature can be referred 
to in Wang (2011). 
It is fair to say the distribution modeling study for headers without intrusion is adequate. 
However, in the past several decades, with the emergence of microchannel heat exchangers 
(MCHXs), researchers started to investigate the maldistribution issue in them. This new kind of 
heat exchanger introduced two challenges for header study: 
 
Figure 2.13 Four basic types of manifolds in Bajura and Jones (1976) 
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(1) MCHXs have two-phase flow inside, thus the headers have two-phase flow inside; 
(2) Headers used to connect the parallel tubes in MCHXs inevitably introduce additional 
pressure drops due to tube intrusion and tube-manifold contraction/expansion.  
Because the nature of these challenges introduces difficulty to traditional analytical modeling, 
researchers started to use numerical methods as a way to simulate the two-phase distribution in 
headers. 
2.4 1-D NUMERICAL MODELING OF DISTRIBUTION IN HEADERS 
The pioneers in numerical modeling of flow distribution in manifolds were Datta and 
Majumdar. Their paper in 1980 (Datta and Majumdar, 1980) employed a 1-D finite-difference 
procedure to predict single-phase flow distribution in parallel and reverse flow manifolds (Figure 
2.14) as defined by Bajura and Jones (1976) and the numerical results agreed with Bajura and  
 
Figure 2.14 a, b: Staggered-grid in dividing and combining manifolds; c, d: control volumes for 
momentum and continuity (Datta and Majumdar, 1980) 
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Jones’s data satisfactorily. In their numerical model, lateral (branching) flows were iteratively 
adjusted so that the pressure distributions in the header became compatible with the overall flow 
rate. Their iterative numerical scheme originated in the SIMPLE algorithm proposed by Patankar 
and Spalding (1972) to correct pressure and velocity located at different positions of a control 
volume. Based on the single-phase study, Datta and Majumdar (1983) developed a 1-D 
numerical model of the homogeneous air-water mixture in various types of manifolds. With 
reasonable agreement achieved with a limited amount of published data, they attributed the 
deviation to empirical constants CT (turning loss coefficient) and Cd (discharge coefficient 
through branch pipes) in two-phase flows. 
Wang and Yu (1989) built a 1-D numerical model and compared its results to their data in 
solar collectors.  The numerical results showed that the header systems could be categorized as 
pressure regain type and pressure decrease type according to the static pressure distribution along 
the dividing manifold. The pressure-regain type had a more uniform distribution than the 
pressure decrease type. A header system might transfer from the regain type to the decrease type 
while the resistance of the dividing manifold increased. Yin et al. (2001) built a 1-D finite-
volume model for a microchannel CO2 gas cooler. They also systematically measured single-
phase pressure drop inside the complex headers and parallel circuits and determined empirical 
loss coefficients based on conventional Idelchik’s hydraulic equations (1994). Reasonable 
agreement was achieved between modeling results and experimental data.  
Compared to the numerical model of header distribution, numerical models for predicting 
phase separation in T-junction pipes had been built earlier and thus become more adequate. 
Considering a T-junction is one segment of a header, in recent years more and more well-
established T-junction models (Saba and Lahey, 1984; Shoham et al., 1987; Hwang et al., 1988; 
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Azzopardi, 1994) have been applied in 1-D modeling for headers (Lee, 2009b; Ablanque et al., 
2010; Ren et al. 2013). Ablanque et al. (2010) presented a numerical model applicable to various 
heat exchanger configurations. They adopted the 1-D adaptation of the SIMPLE algorithm, in 
which the pressure field was guessed first then the mass flow rate was corrected. T-junction 
models were used to simulate the phase splitting phenomena in headers. The accuracy of the 
numerical model depended strongly on the geometrical similarity of the manifold to the T-
junction though. Ren et al. (2013) develop a quality distribution model for horizontal headers 
with vertical micro-channel tubes. The phase distribution is deduced from the movement of gas 
and liquid using the concept of dividing streamlines originally developed in the T-junction model 
by Hwang et al. (1988), as shown in Figure 2.15. 
2.5 3-D NUMERICAL MODELING OF DISTRIBUTION IN HEADERS 
With the leap in computing power during the past two decades, 3-D comprehensive modeling 
of computational fluid dynamics (CFD) became more and more adopted flow modeling in a 
variety of headers. The majority of the CFD work was done in the commercial software Fluent.  
 
Figure 2.15 Dividing streamlines considered in a single header-tube junction in a header (Ren et al., 2013) 
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For single-phase flow, Zhang and Li (2003) predicted the flow distribution in plate-fin heat 
exchangers using Fluent. Based on their simulation, two modified headers with a two-stage 
distributing structure were proposed and the flow distributions inside were also predicted by 
CFD. Wen and Li (2004) at the same research group used Fluent to simulate an improved header 
design with a baffle insert. The baffle had stagger arranged holes from the axial line to baffle 
boundary, which effectively improved the distribution for a plate fin heat exchanger. Muhana 
and Novog (2008) used Fluent to simulate water flow for nuclear safety analysis and agreed with 
experimental results at a low Reynold number in literature. Huang et al. (2014) simulated R134a 
vapor in the inlet header of an automotive microchannel condenser and integrated the CFD 
model with a ε-NTU based segmented condenser model. Good agreement on heating capacity 
with their experimental data was achieved. 
For two-phase flows, Fei and Hrnjak (2004) simulated two-phase R-134a flow in horizontal 
headers in Fluent. One example of the results is shown in Figure 2.16. Simulation results 
matched with experiment data well for misty flow. Li et al. (2005) simulated both air-water and 
refrigerant two-phase flow in a 4-branch cone-shape distributor. As their conclusion, the IPSA 
(inter-phase slip algorithm) model showed better prediction than the VOF (volume of fluid) and 
ASM (algebraic slip mixture) models. Ha et al. (2006) numerically studied air–water flow 
distributions character in multi-channels between two headers. They found that the flow  
 
Figure 2.16 Flow pattern for 46.5 kg/(m2·s) and 30% with 9.5 mm inlet tube (Fei and Hrnjak, 2004) 
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distribution uniformity became worse with the increasing of liquid flow rate. Stevanovic et al. 
(2012) investigated the refrigerant two-phase flow maldistribution in an inlet header in a 
compact plate-and-fin evaporator with a computational multi-fluid dynamics (CMFD) code. The 
pressure field is calculated by their SIMPLE-type pressure-correction method which is modified 
for the conditions of two-phase flow. Stevanovic and Hrnjak (2017) later improved the model by 
considering the oil flow (Figure 2.17) and compared the modeling results to oil retention data 
from experiments using R134a and R1234yf with PAG oil. 
Different authors have been focusing on different types of headers or distributors, but no 
second headers that are of the author’s interest. The generic characteristics of headers to give 
uniform distribution need to be further studied. Also, no universal CFD model has been proved 
to work for all multiphase flow conditions. With the recent development, DNS (direct numerical 
simulation) may lead the trend, but not in the near future due to computing power constraints. 
2.6 CONDENSER MODELING 
Condenser modeling is an indispensable tool to investigate the potential of applying newly 
designed condensers in HVAC&R systems and to study performance characteristics of existing  
 
Figure 2.17 Void fraction prediction in the evaporator (Stevanovic and Hrnjak, 2017) 
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condenser designs to achieve optimization. Heun and Dunn (1995) provided a systematic 
evaluation of the effect of port shape on microchannel tube performance. On top of that, they 
carried out an analytical study to improve R134a microchannel condenser design, with hydraulic 
diameters in the range of 0.6 mm < Dh < 1.5 mm. The results indicated that the goal of reducing 
refrigerant-side pressure drop drove condenser designs toward many tubes of short length. The 
crossflow-heat-exchanger effect (temperature variation of the air across the tube width) drove 
optimal condenser designs toward many tubes of short length and few ports. The study also 
showed refrigerant-side circuiting and port shape significantly impacted the design. Litch and 
Hrnjak (1999) built models for ammonia condensers and demonstrate the superiority of a 
microchannel condenser over a serpentine macro-tube condenser for ammonia chillers, 
confirmed experimentally. The overall microchannel condenser heat transfer coefficient for a 
given face velocity was 60-80% higher than for the serpentine condenser. Microchannel charge 
was an average of 53% less. The charge per condenser capacity of the microchannel condenser 
was, on average, 76% less. The microchannel condenser had a smaller external volume for 
approximately the same face area. Kulkarni et al. (2001) optimized a sawtooth condenser for 
refrigerators. The optimal design was reached when the added condenser area caused so much 
pressure drop that the air flow rate dropped to the point where the air and refrigerant 
temperatures pinch. Using a more powerful and efficient fan was recommended by the authors to 
achieve further increases in condenser performance. Bullard et al. (2006) modeled a new type of 
microchannel tube plate fin condenser designed for a 10.5 kW residential air conditioner for 
hot/dry climates. The system was found to reduce peak power demand by more than 25% 
compared to a typical SEER 12, R410A baseline unit. By combining the low-pressure-drop 
microchannel condenser and an efficient flow path with a diffuser, the outdoor airflow was 
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increased by 30%. The results confirmed that microchannel heat exchangers could indeed enable 
substantial increases in rated system efficiency without an increase in package size of residential 
split systems. Ren et al. (2013) developed a three-dimensional simulation approach based on 
graph theory. Specific methods for modeling heat conduction via fins, quality distribution in the 
inlet header, and pass circuitry designs were proposed and the results are validated by 
experiments. Martinez-Ballester et al. (2013) presented a numerical model for microchannel 
condensers, validated against R410A and R134a condenser data and CO2 gas cooler data. Fin 
cuts were studied as a function of the refrigerant circuitry. Their model introduced a new 
approach to model the airside heat transfer by using a composed function for the fin wall 
temperature, which allowed considering the heat conduction between tubes. Huang et al. (2015) 
explored the effect of variable geometry (fin depth, fin density, MC tube) on R134a and R290 
microchannel condensers and CO2 gas coolers using their established calculating platform for 
thermal systems. Condenser capacity was plotted as a function of material mass for the variable 
geometry and the conventional geometry. The optimization study showed a 35% reduction in 
material and 43% savings in envelope volume for a variable geometry gas cooler for the same 
performance compared to a baseline conventional geometry design. Zhu and Yu (2019) 
compared by modeling different two-phase thermosyphon loops: basic and separator-assisted. 
Water-cooled R134a condenser was modeled and the heat load of the evaporator ranged from 
300 – 500 W. With the same total heat transfer area of the condenser and the evaporator, the 
separator-assisted thermosyphon loop was found to gain lower total entropy generation rate than 
the basic loop. Zhou and Yu (2019) built a model for falling-film type plate-fin nitrogen 
condenser for cryogenic applications. The specific entropy generation rate was proposed as an 
object function in their optimization. The results showed that with the increase of mass flow rate 
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of nitrogen vapor, the optimal fin height increased and the minimum specific entropy generation 
rate increased. Wang et al. (2019) developed a numerical model for CO2 heat pump systems for 
electrical vehicles. The proposed series gas cooler design was proved to increase the heating 
capacity. 
2.7 SUMMARY 
Although Oh et al. (2003) and Won (2006) had experimental and modeling results to verify 
the high performance of separation condensers, they have uniformly assumed a perfect 
separation of liquid from vapor in the second header. However, it is unlikely that pure vapor 
enters section dm2 in Figure 2.2 and pure liquid enters section dm4’. Usually, upward-moving 
vapor flow will have entrainment of liquid droplets or bulk of ligaments with it, and downward-
moving liquid flow will mix with bubbles. To implement this approach in a refrigeration cycle, 
there still lacks in-depth understanding for the following fundamentals: 1) two-phase flow 
existing in the second header and the separation efficiency; 2) parameters that affect separation 
efficiency in this type of header; 3) the effect on phase separation efficiency on condenser 
performance. To the best of the author’s knowledge, these aspects have not been fully 
investigated in previous work. 
Probably because of the special flow direction in the second header of separation condenser 
compared to an inlet header, although the second header is also a manifold, there has not been an 
experimental study on the flow in it to the author’s best knowledge. While most header studies 
focused on phase distribution characteristics to the branches in inlet headers, this dissertation will 
focus on the phase separation to start filling this void of investigation for intermediate headers. 
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It is also the focus of this study to build models for the separation prediction in the second 
header. 1-D and 3-D numerical modeling will both be employed. From the header model, 
parametric effects on the separation efficiency will be studied. 1-D modeling has the advantage 
of stability and computing cost compared to 3-D modeling. On the other hand, the 3-D model is 
more comprehensive and requires fewer assumptions. If the advancement of computing power is 
everlasting, together with more and more reliable numerical schemes, 3-D modeling will be 
adopted more and more widely in the future.  
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Chapter 3 IMPROVEMENT OF CONDENSER 




From the first two chapters, the concept of separation is shown to have the potential of 
improving condenser performance. This chapter presents the experimental confirmation of the 
improvement of condensers by the separation circuitry. R134a is used as the working fluid. A 
prototype of separation condenser and a conventional condenser identical on the air side have 
been tested to evaluate the difference in the performance due to separation. Two levels of 
experiments have been conducted: heat exchanger-level test and system-level test. In the 
condenser-level test, it is found that the separation condenser condenses from 1.6% to 7.4% more 
mass flow than the baseline at the same inlet and outlet temperatures; or the separation condenser 
condenses the same mass flow to a lower temperature than the baseline condenser does. In the 
system-level test, COP is compared under the same superheat, subcooling and refrigerating 
capacity. The system with the separation condenser shows up to 6.6% a higher COP than the 






3.2 FACILITY AND MEASUREMENTS 
Figure 3.1 displays the experimental facility for the MAC system. The test facility consists of 
an open compressor, a microchannel condenser of interest, a manually-controlled expansion 
valve, a microchannel evaporator, and an accumulator before the compressor suction. The 
evaporator is a two-slab four-pass microchannel evaporator with an overall dimension of 
W254mm × H225mm × D39mm. The air flow rate is deducted from pressure drop and 
temperature at the flow nozzle downstream. Immersed Type-T thermocouples and absolute 
pressure transducers are placed along the refrigerant circuit for depicting the refrigeration cycle. 
More information in details about the facility and each component can be found in Li (2016). 
The microchannel condenser in the outdoor chamber is the only component that was changed 
in the system during the experiments. The conventional condenser and a separation condenser 
prototype are shown in Figure 3.2 and Figure 3.3, respectively. The number of microchannel 
tubes is shown on each pass in Figure 3.3. The condensers are both one-slab, cross-flow  
 




Figure 3.2 Microchannel condensers tested: (a) Conventional condenser; (b) Separation condenser 
 
Figure 3.3 Schematic of the condensers: (a) Conventional condenser; (b) Separation condenser 
microchannel condensers with the same number and same size of microchannel tubes and the 
same headers. Two condensers are identical on the air side with a total face area of 0.275 m2, 
core depth of 12 mm, fin density of 20 fins per inch and a total air-side heat transfer area of 5.22 
m2. Only the circuitry for passes is different. The microchannels in each microchannel tube are 
estimated to have a hydraulic diameter of 0.68 mm. The port number is estimated to be 12 per 
tube. The geometry of the two condensers was measured and summarized in Table 3.1. 
Capacities of both evaporator and condenser are obtained through independently measured 
air-side capacity (Qa) and refrigerant-side capacity (Qr). Qa for the evaporator and the condenser 
can be expressed as: 
  ( )ea ea eai idnQ m h h= −  (3.1) 
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Table 3.1 Microchannel condenser geometry 
Parameter Value 
Total number of tubes 54 
Number of side plates 2 
Number of fins per row 560 
Width w/ headers [mm] 710 
Width w/o headers [mm] 687 
Width covered by fins [mm] 670 
Height w/ side plates [mm] 405 
Height w/o side plates [mm] 390 
Depth [mm] 12.2 
Microchannel tube thickness [mm] 1.43 
Microchannel tube pitch [mm] 7.0 
Fin thickness [mm] 0.1 
Fin pitch [mm] 1.21 
Louver pitch [mm] 0.88 
Louver length [mm] 4.0 
Louver angle [-] 28 
Header shape D-shape 
Header equivalent diameter [mm] 11.0 
  ( )ca ca odn caiQ m h h= −    (3.2) 
where heai, hidn denote evaporator air inlet and outlet enthalpy and hcai, hodn denote condenser air 
inlet and outlet enthalpy. Outlet air enthalpy is determined based on temperature, pressure, and 
humidity at the nozzle outlet because the flow is well mixed.  
On the refrigerant side, refrigerant capacity equals the product of refrigerant mass flow rate 
and enthalpy difference, e.g. Eqn. (3.3) and (3.4). Evaporator refrigerant inlet enthalpy is 
assumed to be equal to the exit enthalpy of the expansion valve. 
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  ( )er r ero eriQ m h h= −  (3.3) 
  ( )cr r cri croQ m h h= −  (3.4) 
The final capacity is based on the average of refrigerant-side capacity and air-side capacity as 
shown in Eqn. (3.5) and (3.6): 
  er eae 2
Q QQ +=  (3.5) 
  cr cac 2
Q QQ +=  (3.6) 
The compressor work is determined based on rotational speed VC and torque FC: 
  comp comp compW F V= ×  (3.7) 






=  (3.8) 
Using uncertainties for measured variables presented in Table 3.2, an uncertainty analysis of 
the calculated parameters is carried out in EES (2016). The total uncertainties of Q and COP are 
estimated to be 3% and 3.5%, respectively. Independently obtained air and refrigerant side 
energy balances were within a difference of 3%. 
3.3 EFFECT OF SEPARATION ON A CONDENSER AS HEAT 
EXCHANGER ONLY 
3.3.1 LOWER EXIT TEMPERATURE IN THE SEPARATION CONDENSER 
The separation condenser and the conventional condenser were first evaluated in the 
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Table 3.2 Measured uncertainties 
Measurement Unit Uncertainty 
Refrigerant pressure kPa ±1 
Refrigerant pressure drop kPa ±1 
Temperature °C ±0.5 
Refrigerant mass flow rate g·s-1 ±0.045 
Compressor speed - ±0.25% 
Compressor torque N·m ±0.042 
 
experimental system with a focus on condenser only. The capacity Qc of a condenser can be 
written as Eqn. (3.4). According to the thermal physical properties of refrigerants, in the 
superheated or the subcooled region, the specific enthalpy of a refrigerant is almost only a 
function of the temperature and is much less of a function of the pressure. Therefore, if 
subcooling is always ensured, a more effective condenser should condense the same flow rate of 
refrigerant to a lower temperature (Tro) at the same air conditions. Therefore, two criteria are 
used to evaluate the condenser performance: 1) refrigerant exit temperature Tcro; 2) condensate 
flow rate ṁr. Operating conditions of experiments were set per SAE Standard J2765 (2008). 
Table 3.3 lists the air-side conditions for three compressor speed settings (low, medium, and 
high).  
Figure 3.4 shows that the separation condenser constantly has a lower exit temperature of 
R134a than the conventional condenser, by a maximum of 0.9 K, for the same air flow rate and 
air inlet temperature. For each operating condition in Figure 3.4, three temperatures are 
manifested by the bars, e.g. condensing temperature, exit temperature, and ambient temperature. 
The condensing temperature Tcd was controlled within the difference of ± 0.2 ºC in separation 
condenser and baseline condenser for each compressor setting, which guarantees refrigerant-air  
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Table 3.3 Operating conditions 
Compressor speed setting Tid Tod ṁid vod 
[-] [ºC] [ºC] [kg·min-1] [m·s-1] 
Low (I35a) 35 35 9.5 1.5 
Medium (L35a) 35 35 9.5 2 
High (M35a) 35 35 9.5 3 
 
 
Figure 3.4 Exit temperature Tcro (numbers in bars) and condensing temperature Tcd (on top of bars) for the 
two condensers at the same ṁref and Tcri, at three operating conditions 
temperature difference is the same for a fair comparison. The difference in Tcro is not so as big 
for L35a condition as for M35a and I35a. The reason for that is the Tcd for the conventional 
condenser is controlled to be a bit higher than that of the separation condenser, which gives rise 
to a larger LMTD to increase the capacity. If Tcd for the conventional condenser were to be lower, 
Tcro for it should be higher. 
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Although separation condenser condenses the refrigerant to a lower Tcro, condenser capacity 
is not improved drastically in this kind of comparison. The reason is probably that the bigger 
subcooling by 1K on top of 10K will not help a lot on heat transfer, especially when Tcro already 
approaches the air ambient temperature, as shown by Figure 3.4. As subcooling region in a  
condenser becomes bigger, the portion of two-phase region with high heat transfer coefficient 
decreases. Thus, overall heat transfer amount is not improved drastically. 
3.3.2 HIGHER CONDENSATE FLOW RATE IN THE SEPARATION CONDENSER 
The second criterion for evaluating a condenser is the condensate flow rate ṁref. A more 
effective condenser should condense more refrigerant at the same air conditions. On the 
refrigerant side, Tcri, Tcro, and Tcd were controlled the same between the two condensers. 
Figure 3.5 presents the experiment results. The average pressure is kept around the same 
which gives Tcd of R134a within a difference of ± 0.2 ºC for each condition, so that the 
 
Figure 3.5 Mass flow rate ṁr for the two condensers at the same Tcri and Tcro, at three operating conditions 
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refrigerant-air temperature difference in the two condensers is the same. The same Tcri and Tcro 
for separation and baseline are also marked with each operating condition. Experiments show 
that separation condenser constantly has a higher mass flow rate than the baseline condenser for 
the same air side flow rate and temperature. The mass flow rate improvement varies from 1.6% 
to 7.4% in tested conditions. 
Figure 3.6 shows the process in the condenser for test condition M35a plotted on an R134a 
T-h diagram. Because of a 7.4% more condensate flow rate, air exit temperature is higher and 
capacity is successfully increased by 5.1%. Although the separation condenser has a slightly 
smaller refrigerant-air LMTD than the conventional baseline, the benefit of higher UA outweighs 
the drawback of smaller LMTD, so separation condenser has a 5.1% increase in capacity. Thus, 
phase separation enables the condenser to have a higher heating capacity. 
 
Figure 3.6 T-h diagram for M35a: comparing the condensate mass flow rate 
45 
 
3.4 COP ENHANCEMENT BY SEPARATION CONDENSER AT 
MATCHED COOLING CAPACITY 
To measure the improvement of system performance (here COP), the cooling capacity (Qe) is 
maintained constant in the system with the conventional condenser and the system with the 
separation condenser, by varying the compressor speed. Experiments are done under two 
conditions SAE I35a and M35a with varied subcooling. Compressor speed for the system with 
the conventional condenser was first set constants at 765 rpm and 1625 rpm for I35a and M35a, 
respectively. The charge was then gradually increased to achieve different subcooling for the 
system.  Then, in the system with the separation condenser, the compressor speed was adjusted 
accordingly to match the capacity of the baseline. At the same time, charge and EEV opening are 
controlled to match the subcooling and superheat with the baseline system.  
From the experimental results presented in Figure 3.7, the separation condenser achieves 
higher COP than the baseline condenser as a system effect. Improvement varies with conditions 
from 1.3% to 6.6%. Among the tested subcooling, subcooling of 5 K at condition M35a gives the 
maximum COP enhancement. Corresponding system operation in T-h and p-h diagrams for 
condition M35a at subcooling of 5 K is plotted in Figure 3.8 to identify the primary source of 
COP improvement. Capacities are maintained around 4.76 kW with a deviation of less than ±1%. 
As shown in Figure 3.8 (a) and (b), the separation system results in a 6.6% COP increment than 
the baseline system. The compressor speed in the separation system is reduced by 155 rpm 
(approximately 9%) below that of the baseline system for providing the same capacity. For the 
experimental result presented in Figure 3.8, isentropic efficiency (ηisen) in the separation system 




Figure 3.7 COP comparison for refrigeration cycles with baseline condenser and separation condenser at 
superheat of 10ºC and at the matched capacity 
separation condenser is smaller because of lower compressor speed, and the difference of 
specific enthalpy between the evaporator outlet and inlet is larger. The separation condenser exit 
pressure is reduced by 46 kPa primarily due to improved heat transfer conductance. The 
condensing temperature in the separation system is 39.6 °C, lower than the condensing 
temperature of 41.9 °C in the baseline system. The reduction of condensing temperature 
(compressor discharge pressure) reduces the compressor work. All of these effects result in a 
higher COP by 6.6%. 
3.5 SUMMARY AND CONCLUSION 
The circuitry of separation is implemented in a prototype of microchannel condensers for 




Figure 3.8 Refrigeration cycles for baseline and separation at the matched capacity: (a) M35a T-h diagram; 
(b) M35a p-h diagram 
same other components and under the same operating conditions. Results confirm that the 
separation circuiting can benefit the condenser to make it more effective. 
A comparison is first conducted on the level of heat exchanger only. At the same refrigerant 
inlet temperature and exit temperature, a maximum improvement of 7.4% on the R134a mass 
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flow rate was achieved in the separation condenser while the heating capacity increased by 5.1% 
over the conventional condenser. Having the same mass flow rate, the separation condenser was 
able to condense R134a to a lower temperature. 
Second, the effect of separation is explored in the MAC system measuring the COP 
enhancement at matched cooling capacity. The COP improvement was 1.3% to 6.6% compared 
to the system with the conventional condenser. 
This chapter concludes that the separation circuiting can benefit the condenser performance. 
A valid question would then be how much separation really exists in the second header. Because 
it is very difficult to measure directly the mass flow in the separated passes inside the condenser, 
another experiment facility is built up with visualization access to study the separation of two-




Chapter 4 VISUALIZATION AND QUANTIFICATION OF 
SEPARATION OF LIQUID-VAPOR TWO-PHASE FLOW IN THE 
SECOND HEADER 
4.1 INTRODUCTION 
This chapter presents the experimental study of separation of two-phase flow in second 
headers of separation condensers with flow visualization using a high-speed camera. R134a is 
used as the fluid and mass flux through the inlet microchannels is controlled at 54 kg·m-2·s-1 – 
193 kg·m-2·s-1. Results are presented in the function of liquid separation efficiency (ηL) and 
vapor separation efficiency (ηV). Two-phase flow characteristics inside the header are analyzed 
for a better understanding of the separation. The results show good separation in the header can 
happen at low inlet mass flux. The liquid separation efficiency deteriorates dramatically when 
the liquid reaches the vapor exit, with increasing inlet mass flux and/or quality. 
4.2 EXPERIMENT METHOD 
4.2.1 TEST FACILITY 
A schematic drawing of the test loop for gas-liquid separation in the vertical header is shown 
in Figure 4.1. A diaphragm pump is used to supply the required mass flow rate of the working 
refrigerant with a certain discharge pressure. Following the flow direction, the refrigerant flow 
rate in the subcooled state is measured in the pump discharge line by a Coriolis-type mass flow 




Figure 4.1 Schematic of the experimental facility 
the heat load in the test section, a manually controlled, electrical preheater first heats the 
refrigerant to be saturated-liquid state before entering the test section. The reason why the 
preheating does not go beyond the saturated liquid state is to prevent refrigerant maldistribution 
in the first pass. The thermal power output of the preheater is measured by a Watt transducer is 
50 – 330 W depending on the operating condition. System pressure and temperature are 
measured by a pressure transducer (P) and a T-type thermocouple (T) at point 1.  
Testing flow is then separated into two streams in the test section. The two three-way valves 
downstream can turn the flows into two directions. One is to the flash tanks and the mass flow 
meters downstream; the other direction bypasses the flash tanks and the mass flow meters and 
gets the flow directly to the condenser. The first direction corresponds to the testing mode; the 
other direction corresponds to the conditioning mode to get pressures and mass flow rates to 
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desired values quicker. When the system is near one test condition, the three-way valves will be 
switched so that the system turns from the conditioning mode to the testing mode. During the test, 
each stream from the test section goes into a separator tank (Model U7009, capacity of 3645 ccm, 
product of Thermal Engineering Company), named as downward exit and upward exit, 
respectively. The flash tanks collect liquid and remove vapor that arrives at the flash tanks. Over 
a given amount of time, the mass of liquid phase collected in each of the two tanks is measured, 
yielding a time-averaged liquid mass flow rate. The mass of liquid is calculated by the 
accumulated volume times the liquid density. The accumulated volume is calculated by the 
height multiplied by the known cross-sectional area (0.00946 m2) of the tank after every 10 s. 
Meanwhile, the vapor flow rate from each flash tank is measured by two Coriolis-type mass flow 
meters MFv and MFl, respectively. Two metering valves, V1 and V2, are installed in the flow 
path of the two exits, respectively, with the intention for flow rate control. Between points 1 and 
2, a differential pressure transducer (∆P) is installed to measure the downstream pressure drop 
along the downward exit flow path. After the measuring apparatus, the refrigerant will flow 
through a plate condenser, a receiver, a tube-tube heat exchanger as a subcooler, and finally 
come back to the liquid pump. A Phantom V4.2 high-speed CCD camera was used to visualize 
the flow patterns in the test header normally at a recording speed range of 1600-2230 fps (frames 
per second). Detailed information on the measuring devices is presented in Table 4.1. 
4.2.2 TEST SECTIONS 
Two test sections with different diameters have been built. The flow passes of the test section 
1 are made by 36 aluminum microchannel tubes and the header was made by circular PVC 
(polyvinyl chloride) transparent tube for visualization. The tube numbers are selected based on 
the real separation condenser that was tested in Chapter 3. The tube pitch is 7 mm. The inlet  
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Table 4.1 Measurement uncertainties of instruments on the flow separation facility 
Measurement Type Range Uncertainty 
Inlet total mass flow 
rate MFt 
Micro Motion CMF025M 605 g·s-1 
±0.10% ± [(zero stability / 
flow rate) × 100] % 
Vapor mass flow rate 
MFv/MFl 
Micro Motion CMF010M 6.4 g·s-1 
±0.50% ± [(zero stability / 
flow rate) × 100] % 
Pressure Sensotec TJE/3883-07TJA 7 – 1379 kPa ±0.1% full scale 
Pressure drop Sensotec TJE/741 345 kPa ±0.1% full scale 
Temperature OMEGA Type T -250 – 350 ºC ±0.5 ºC 
Preheater power Ohio Semitronics PC5-19E 0 – 1.5 kW ±0.5% full scale 
Power of heating tapes Ohio Semitronics GW5-019X5 0 – 2 kW ±0.04% full scale 
Liquid level Tool Shop tape ruler 0 – 450 mm 0.1 mm 
Time interval Accusplit Survivor III stopwatch 0-60 minutes 0.001 s 
Note: zero stability for MFt = 0.0075 g·s-1; zero stability for MFv/MFl = 0.0006 g·s-1 
quality to the header is controlled by 42 OMEGA FGS0031-010 electric heating tapes adhesive 
to the surface of inlet microchannel tubes (2 heating tapes for each tube). The microchannel 
tubes and heating tapes were wrapped by aramid-and-fiberglass fabric as the inner layer and 
Buna-N/PVC foam insulator as the outer layer. The heat loss is calibrated as a function of the 
thermal power of the heating tapes measured by one watts transducer. The corrected thermal 
power is used to supply the required quality to the inlet the test header. 
Size and dimensions of test section 1 and the microchannel tubes of it have been selected 
based on the real condenser in Chapter 3. Figure 4.2 (a) and (b) show the cross-sectional 
dimensions of the main tubes and the front-view photos for both headers. Figure 4.2 (c) presents 




Figure 4.2 (a) Second header of the real separation condenser in Chapter 3; (b) Transparent header of the 
test section 1; (c) Cross-section of the microchannel tube of the test sections 
ports in each microchannel tube. The PVC tube dimensions and the microchannel dimensions are 
chosen to be close to the dimensions of the real header within 10%, to simulate the phenomena in 
the real header. 
Test section 2 with a bigger diameter of 23.7 mm is made from a clear, 3-D printed resin 
block and a mounting plate, as shown in Figure 4.3. As Figure 4.3(a) demonstrates, an O-ring is 
pressed into a chamfer in the block by the mounting plate for each microchannel tube. The 
microchannel tube intrudes into the header by the same depth as that of test section 1 as shown in 
Figure 4.3(c). Microchannel tubes used and tube pitch are the same as those of test section 1 as 
well. The heating mechanism is using flexible heating tapes to provide the required quality to the 
inlet of the second header, which is also the same as that of test section 1. 




Figure 4.3 (a) Test section 2 before mounting microchannel tubes onto the header; (b) Test section 2 after 
mounting; (c) Cross-section of both test sections; (d) whole test section including the first header and the 
second header 
tubes for the 2nd-upper pass and the 2nd-lower pass. Because at steady state, the boundary plane 
in the header between the 2nd-upper pass and the 1st pass will have the same flow as what comes 
into the 2nd-upper pass; the boundary plane in the header between the 2nd-lower pass and the 1st 
pass will have the same flow as what comes into the 2nd-lower pass. The number of inlet tubes in 





4.2.3 DATA REDUCTION AND EXPERIMENTAL PROCEDURES 
To quantify the phase separation result in the second header, two separation efficiencies are 
defined as Eqn. (4.1) and Eqn. (4.2). Figure 4.4 contains the variables needed to calculate the 
efficiencies in the second header. Liquid separation efficiency ηL is defined as the ratio of 
separated liquid that flows through the downward exit plane in the header to the total liquid flow 
rate supplied to the inlet. Similarly, vapor separation efficiency ηV is evaluated as the ratio of the 



















η  (4.2) 
where ?̇?𝑚VD and ?̇?𝑚LD are the vapor mass flow rate and liquid mass flow rate, respectively, at the 
downward exit plane; ?̇?𝑚VU and ?̇?𝑚LU are the vapor mass flow rate and liquid mass flow rate, 
respectively, at the upward exit plane. 
The qualities at the two exits are needed to quantify the condition at the two exits. They are 
calculated as 
 





















where xU and xD are the quality at the upper exit and the quality at the lower exit, respectively. 
Different xU represents different separation results in the header. When xU > xIN, phase separation 
happens. 
Operating conditions are set with the intention to simulate operation in a mobile air-
conditioning (MAC) system with cooling capacities in a range of about 4-5 kW. Values for the 
inlet operating conditions are listed in Table 4.2. The developing length for the saturated liquid 
prior to entering the first header is 1.2 m. Inlet quality to the second header, xIN, is controlled in 
the range of 0.05 ‒ 0.25, which is on the lower end of the quality in a real condenser. However, it 
is where separation phenomenon and mechanism change, so this range is of interest to study.  
For each set pair of ṁIN and xIN, the valve at the path of downward exit, V2, is always fully 
open first. Separation efficiencies at this condition are measured at steady state. Steady state is 
achieved when ṁIN, pIN, xIN, ṁVU, and ṁVD remain stable within a small range: ±2% of ṁIN, ±2% 
Table 4.2 Inlet operating conditions 
Refrigerant R134a 
Inlet mass flow rate to the second header ṁIN 8.4 – 30 g·s-1 
Inlet mass flux in the first pass GIN 87 – 311 kg∙m-2∙s-1 
Inlet quality to the second header xIN 0.05 – 0.25 
Inlet pressure pIN 500 – 575 kPa 




of pIN, ±5% of xIN, and ±10% of ṁVU and ṁVD. After the full opening, to simulate different 
pressure boundary conditions, the valve V2 is adjusted to five smaller openings in order, and the 
measurements of separation efficiencies repeat for each opening. 
For all the test conditions, the duration of data recording ranges from 95 – 241 s. All data is 
recorded at a frequency of 1 Hz by the data logger except for the liquid level data, which is taken 
manually every 10 s using a stopwatch. 
4.2.4 UNCERTAINTY ANALYSIS 
The overall measurement uncertainty in quality and the phase separation efficiency are 
calculated using the same root-sum-square combination given by Moffat (1988). If a function U 
is calculated from a set of N measured quantities (independent variables) represented by 
 ( )1 2 3, , ,...,  NU U X X X X=  (4.5) 
Then, the uncertainty of the result U can be determined by combining the uncertainties of the 
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∑δ δ  (4.6) 
where δU is the uncertainty of U, and δXi is the uncertainty of one measured quantity Xi. δXi for 
one measured quantity is calculated as the sum of instrumental uncertainty and the random error. 
Table 4.1 presents the instrumental uncertainties. The random error is estimated as the standard 
deviation of the readings. 
After the reduction of the uncertainty, relatively big uncertainty occurs at relatively low mass 
flow rate conditions because of the low base value. The uncertainty of liquid separation 
efficiency (ηL) is within 2.5% and the uncertainty of vapor separation efficiency (ηV) is within 
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11.5%. 93% of the data for quality at the upward exit (xU) have uncertainty within 15% and 90% 
of the data for quality at the downward exit (xD) have uncertainty within 20%. 
4.3 RESULTS 
Figure 4.5(a) presents the visualization results at GIN = 104 kg·m2·s-1 for different inlet 
qualities. At xIN=0.06, the header is almost filled with liquid; the pressure in the second header is 
low. Liquid flow through the second liquid pass is provided mostly by hydrostatic head, so liquid 
is being accumulated in the header to increase flow rate. Consequently, liquid separation is poor 
and more liquid leaves through the vapor exit resulting in a ηl as low as 0.38. This extremely low 
xIN is not relevant in real application so can be ignored. 
When the quality is increased to xIN=0.14 at the same inlet mass flux, ηL increases 
dramatically to 1. Pressure in the second header has increased and mass flow rate of liquid is 
reduced resulting in good drainage of the liquid providing possibility for a good separation in the 
second header. Figure 4.5(a) indicates that liquid coming from microchannels falls relatively 
unobstructed to the bottom of the header while vapor goes up passing the falling liquid easily 
thanks to low vapor flow rate and thus velocity. The reason for ηV drop (to 0.664) at xIN=0.23 is 
because that vapor region extends to the downward exit – liquid pool drops to the 3rd lowest 
microchannel tube. Quality at liquid exit xL is 0.096. 
Figure 4.5(b) shows the visualization results at GIN = 311 kg·m2·s-1 for different inlet 
qualities. Plots in Figure 4.5(b) confirm lower separation efficiencies compared to those at the 
same xIN at 104 kg·m2·s-1. Visualization shows that for the condition with high GIN the two-phase 
flow coming out of the inlet microchannel tubes first splashes onto the inner wall of the header, 





Figure 4.5 Measurements of ηL and ηV and separation phenomena: (a) GIN = 104 kg·m2·s-1, PIN = 500-530 
kPa (b) GIN = 311 kg·m2·s-1, PIN = 500-570 kPa (Dh = 15.1 mm, 21 inlet tubes, R134a) 
entrainment of liquid to the top of the header and exit through the 2nd-upper pass. For the three 
cases of xIN (0.06, 0.13, and 0.18), the measured xU (0.07, 0.20, and 0.31) is close to the 
respective xIN. 
In a separation condenser, the upper passes and the lower passes finally mix in the integrated 
receiver-drier (Figure 3.3b). The flow resistance downstream of the second header in a real 
separation condenser is dependent on downstream tube geometry (number, length, and size) and 
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air load. Different flow resistances give different pressure drops, which will set the pressure 
boundaries for the flow field of the second header, thus altering the flow separation result in the 
header. In experiments, this effect can be simulated by the two metering valves for flow control 
located downstream of two separator tanks as shown in Figure 4.1. 
In initial tests, a big portion of vapor is going down to the lower passes. For instance, at xIN = 
0.16, ηV drops from 82% at GIN = 87 kg·m-2·s-1 to 57% at GIN = 311 kg·m-2·s-1. A real separation 
condenser has fewer tubes in the lower passes than in the upper passes, and more vapor – the 
condensing phase – is favored for going into the upper passes, since the high heat transfer 
coefficient of the vapor phase is the “core benefit” of a separation condenser. Therefore, other 
experiments are conducted in a way that ηV is controlled at a relatively high value (>60%). The 
metering valve V2 on the path of the downward exit in Figure 4.1 is gradually closed to simulate 
the higher flow resistance in the lower passes of a real condenser. 
Figure 4.6 shows the separation of liquid as a function of inlet quality xIN and inlet mass flux 
GIN when ηV > 60%. For the same GIN, ηL generally reduces as xIN increases. For the same xIN, ηL 
generally reduces as GIN increases. From the flow visualization, at GIN = 104 kg·m-2·s-1, the 
recirculation region of the liquid phase (spinning liquid consisting of ligaments and droplets on 
top of the liquid pool at the bottom) starts to be generated. Up to GIN of 145 kg·m-2·s-1, where the 
recirculation region is elevated right below the upward exit plane, ηL is maintained at a high 
value. Although there may be small droplets that are entrained to the upward exit plane, they 
carry insignificant liquid mass, therefore, ηL is still relatively high and insensitive to xIN. As GIN 
is increased to 166 kg·m-2·s-1, as shown by the snapshot on LHS of Figure 4.6, the recirculation 
region reaches some tubes in the 2nd-upper pass, ηL becomes lower. At the same time, the lower 




Figure 4.6 Measurements ηL of when ηV > 60% (Dh = 15.1 mm, 21 inlet tubes, R134a, ṁIN = 8.4 - 30 g/s, 
PIN = 520±30 kPa) 
inertia of liquid in the horizontal direction is dominating over the gravity in this case. When the 
liquid flow splashes on the other side of the wall, the liquid ends up with the “Y” shape for each 
inlet tube. The momentum of liquid from adjacent two tubes cancel with each other, so the vapor 
velocity contributes a lot to the separation result. As GIN is increased further to 207 kg·m-2·s-1, 
the visualization shows the recirculation region reaches the top of the header, sustained liquid in 
the recirculation region has nowhere to go but the 2nd-upper pass. More liquid flows through the 
2nd-upper pass, and ηL drops even further. 
For the data points in Figure 4.6 around xIN = 0.15, Figure 4.7 reveals the flow phenomena in 
the header to illustrate the effect of inlet mass flux on separation. The liquid reach (highest 
reaching point of liquid) stays below the upward exit at GIN of 104 kg·m-2·s-1 in Figure 4.7. ηL = 




Figure 4.7 Higher liquid reach with larger GIN for xIN ≈ 0.15 (Dh = 15.1 mm, 21 inlet tubes, R134a, PIN = 
500±20 kPa, ηV > 60%) 
of 145 kg·m-2·s-1, liquid reach is still below the upward exit; ηL is maintained at a high value and 
insensitive to xIN. As GIN is increased to 166 kg·m-2·s-1, the liquid reach elevates to be above the 
upward exit plane. Liquid starts to exit through some tubes of the 2nd-upper pass and ηL drops to 
0.85. As GIN is increased further to 207 kg·m-2·s-1 in Figure 4.7, the liquid reaches the top of the 
header. More liquid flows through the 2nd-upper pass, and ηL is reduced even further to 0.7. For 
all the cases, vapor velocity at the upward exit plane uVU is also calculated, ηL decreases as uVU 
increases. 
Figure 4.8 shows the local flow pattern for a perfect separation case in test section 2. At this 




Figure 4.8 Local flow pattern for a perfect separation scenario, ηL=1 (Dh = 23.7 mm, R134a, GIN = 207 
kg·m-2·s-1, xIN=0.17, ηV=0.68) 
entrained upward. Downward-moving liquid flow and upward-moving vapor flow can pass each 
other. Liquid has a wall-fall-like flow pattern in the header. Liquid jets coming from the inlet 
microchannel tubes form a downward-moving film after splashing on the other side of the header 
wall. 
Figure 4.9 shows the next local flow pattern for a non-perfect separation case in test section 1. 
The inlet flow condition is controlled to be almost the same as that in Figure 4.8 and ηV is even 
smaller than in Figure 4.8, yet more liquid is entrained to go upward.  The difference caused by 
the header diameter is apparent. It is because the smaller header gives higher local vapor velocity 




Figure 4.9 Local flow pattern for a non-perfect separation scenario, ηL=0.58 (Dh = 15.1 mm, R134a, GIN = 
207 kg·m-2·s-1, xIN=0.18, ηV=0.60) 
in video. Some liquid exits through the upper exit plane, which makes ηL = 0.58. 
Based on the analyses above from Figure 4.6 to Figure 4.9, GIN, xIN, and Dh all play a role in 
determining the local vapor velocity, and the local vapor velocity profile can be used to predict 
the liquid movement in the header. Force analysis may be conducted on the incoming liquid from 
the inlet tubes to calculate the portion of liquid that is entrained by the vapor to go upward, thus 
being related to the separation efficiency. It provides a possibility to build a model, which is the 




4.4 SUMMARY AND CONCLUSION 
This chapter presents an experimental study of vapor-liquid refrigerant separation in the 
vertical second header for a typical MAC condenser. R134a is the working fluid, and inlet mass 
flux is 87 – 311 kg·m-2·s-1. 
For the second header (D=15.8 mm), excellent separation occurs at low mass flux (up to 104 
kg·m-2·s-1) at inlet of the second header. As inlet mass flux increases vapor velocities increase, 
especially when combined with increasing quality. These two effects mix phases and reduce the 
liquid separation efficiency. 
Flow visualization revealed different flow patterns inside the header. The liquid reach is 
higher with higher vapor upward velocity. When it reaches the top end of the whole second 
header, separation is the least effective. 
Experiments prove that enlarging the diameter of the header can effectively increase the 





Chapter 5 A MECHANISTIC MODEL FOR PHASE 




 In the chapter, a 1-D mechanistic model presented is for the first time built to predict the 
phase separation efficiency based on force balance analysis for the liquid phase and correlations 
for the two-phase pressure drop. For the force balance criteria, the liquid phase is divided into 
droplets and film and they are treated separately. Agreement with experimental results is 
achieved to be within 15%. For a second header at one inlet condition, the liquid separation 
efficiency is a function of the vapor separation efficiency. The liquid separation efficiency can be 
100% at low mass flux or low inlet quality but decreases with increasing inlet vapor mass flux. 
5.2 BASIC ASSUMPTIONS 
The computing domain in this model is only the inlet region denoted by the dashed box in 
Figure 5.1. The higher region and the lower region of the header can be seen as two first headers 
(upward flow inlet and downward flow inlet), which have been extensively studied. Therefore, 
this model calculates the inlet flows to these two headers. Flow through the upward exit (ṁVU 
and ṁLU) goes into the 2nd-upper pass of the condenser; flow through the downward exit (ṁVD 




Figure 5.1 Computing domain for the model and discretization of the computing domain (inputs for the 
model in bulk) 
Figure 5.1 shows the 1-D discretization of the computing domain to deduct the local vapor 
velocity along the axial direction of the header. One segment is defined as the space in the header 
between every two adjacent microchannel tubes. As shown in Figure 5.1, the segments are 
named by 0 to 21 starting from the lowest to the highest, with segment 0 and segment 21 having 
a length of ½ tube pitch. 
Upward is the positive direction for velocity, mass flux, and force in this model. The vapor 
flow rate in each segment accumulates as it moves. Since the vapor would go upward and 
downward, the magnitude of its superficial velocity grows going towards the two directions, so 
there is a segment where the velocity changes the sign and that location is the vapor critical 




Figure 5.2 Three critical locations along the header 
Based on the flow visualization for the operating conditions in Li (2016) and Li and Hrnjak 
(2018), the segments with the upward flow in the header are all in the churn flow region. We 
consider the churn flow regime as having large flooding-type waves moving upwards entrained 
in the continuous vapor core, and the waves consist of thousands of tiny droplets, which is 
described in the literature: Jayanti and Hewitt (1992), Barbosa et al. (2001), Azzopardi and Wren 
(2004), Hewitt (2012). Flow visualization shows frothy, upward-moving liquid waves 
periodically created by falling film and its re-accumulation at a lower position, which is the 
characteristic of churn flow. One example of the flow with a liquid wave moving up for GIN = 
166 kg·m-2·s-1, xIN = 0.17 is shown in Figure 5.3. On the other hand, liquid coming out of one 




Figure 5.3 An example of churn flow for upward-flow portion of the second header (Dh = 15.1 mm, 
R134a, GIN = 166 kg·m-2·s-1, xIN = 0.17) 
expansion, these will cause liquid flow atomization (Beale and Reitz, 1999; Varga et al., 2003; 
Marmottant and Villermaux, 2004) which creates droplets. Whether a droplet will go upward or 
downward depends on the drag force exerted by the vapor which is a function of the local vapor 
velocity and the droplet size.  
To summarize, the liquid moving upward is considered in two forms in this model: droplet 
and film. The first form is the droplet form. Based on how many droplets from each inlet tube go 
upward, another critical location, the liquid critical location locL,crit (shown in Figure 5.2), can be 
determined: above locL,crit, the mass flux of liquid is positive; below locL,crit, the mass flux of 
liquid is negative.  
locL,crit must always be higher than locV,crit, as shown by Figure 5.2, because the drag force 
for the liquid will need to be provided by upward-moving vapor. Therefore, above locL,crit, there 
is upward co-current flow; between locL,crit, and locV,crit, there is counter-current flow with liquid 
moving down and vapor moving up; below locV,crit, there is downward co-current flow. 
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Since the inlet quality can be high (over 50%), annular flow is also considered to be possible 
in the model to make the model more general. Therefore, the second form of the liquid that goes 
upward is the film form. The corresponding critical location for the liquid film is locfilm,crit. 
locfilm,crit must be higher than the segment in which liquid goes up as droplets, since it requires 
higher vapor velocity to entrain liquid films than to entrain droplets. locfilm,crit will just equal to 
21 if no annular flow exists. When locfilm,crit <21, above locfilm,crit all liquid coming out of the 
inlet tube(s) is assumed to go upward. The criterion to determine locfilm,crit, together with the 
model used to calculate the droplet size ejected into the header will be introduced in the 
following section. 
In Figure 5.2, there is another location locp0 which denotes the segment where the net mass 
flux of refrigerant changes sign. After locV,crit and locL,crit are set, locp0 will be determined. 
Based on the aforementioned rationale, the following assumptions are made in the model, 
1) The flow is assumed to be steady, adiabatic, and incompressible; 
2) Vapor flow in each segment has uniform velocity; 
3) Liquid going up in the header is in either droplet form or film form: droplets will be 
entrained upwards in the segments of churn flow or counter-current flow, and the film 
will be dragged in an upward annular flow;  
4) The liquid moving direction will stay the same as that determined in the initial segment 
(the segment immediately downstream the inlet tube). 
5.3 MODELING PROCEDURES 
Figure 5.4 demonstrates the modeling procedures. Inputs for the model are ṁin, xin, pin, pU, 




Figure 5.4 Modeling procedures 
vapor split ratio ζV is assumed first for all the inlet tubes. ζV for one inlet tube is equal to the ratio 
of the vapor going up over the total vapor coming out of that tube. It will be iterated later on. 
Then, the local vapor superficial velocity can be calculated for each segment. Figure 5.5 shows 
examples for a few segments at initialization. 
The model for droplet entrainment in churn flow or counter-current flow is based on the 




Figure 5.5 Initialization of local superficial vapor velocity (tube number Nt = 21) 
in the vertical direction for a droplet are shown in Figure 5.6 together with their directions. They 
are the gravitational force Fgrav, the buoyant force Fbuoy, and the drag force exerted by the vapor 
Fdrag: 
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where ρV and ρL are the vapor density and liquid density, uV and udrop are the upward vapor 
velocity around a droplet and the droplet velocity, d is the droplet diameter, and CD is the drag 





C = + +  (5.4) 
ReV is a function of the droplet diameter d, so Fdrag is a function of d. The diameter is 
predicted by the classic liquid flow atomization model by Beale and Reitz (1999). According to 
their data, a Rosin-Rammler distribution is applicable to describe the droplet size distribution. 
Figure 5.7 demonstrates sample distributions predicted by the Rosin-Rammler distribution 
function for three of our experimental inlet conditions. 
Since at the initial segment where one droplet is just injected into the header its velocity has 
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The droplet entrainment criterion is the sum of upward forces (drag + buoyancy) for the 
droplet exceeds the downward force (gravity), i.e. net force equals zero. So, the solution of uV for 
the entrainment is just equal to the terminal velocity of a free-falling drop in quiescent air. Since 




Figure 5.7 Rosin-Rammler distribution of droplet sizes for three inlet conditions 
segment, the net force it is going to experience will always be positive or equal to 0. Therefore, it 
will keep moving upward at either accelerating or constant speed. That is the reason for 
Assumption 4) in Section 5.2. 
Not all inlet liquid in churn flow and counter-current flow segments goes upward; the liquid 
split ratio ζL is used to describe that for these segments. ζL for one inlet tube is defined as the 
portion of the liquid going up in the total liquid coming out of that tube. This split ratio ζL will be 
used for the inlet tubes above locV,crit below locfilm,crit. 
Counting upward from locV,crit, in a higher segment, uVS will be higher. From Eqn. (5.5), the 
higher the uVS is, the bigger the upward drag force; the bigger the drag force is, the larger a 
droplet that the vapor can entrain. When the largest diameter becomes bigger, according to the 
Rosin-Rammler distribution (Figure 5.7) adopted by the Beale-Reitz model, the portion of the 











 = −ζ  (5.6) 
where (ζL)i is the liquid split ratio for tube i, the di is the largest diameter of the droplets that the 
vapor superficial velocity uVS of segment i can entrain, and ?̅?𝑑 in the denominator is the Sauter 
mean diameter of droplets calculated by the Beale-Reitz model. 
The model for film entrainment adopts the most common flow reversal point criterion 
(Turner et al., 1969; Wallis, 1969). It calculates the transition from churn flow to annular flow, 
e.g., the minimum vapor velocity at which the upward flowing annular film starts. At this 
condition, the shear stress at the wall τw goes to zero. A simple expression for this criterion by 












where uVS* is the dimensionless vapor velocity, uVS is the superficial vapor velocity, g is the 
gravitational acceleration, and D is the diameter of the tube. 
Above locfilm,crit, all liquid mass flow rate from each inlet tube goes upward. Below locfilm,crit 
and above locV,crit, a portion (ζL) of the liquid mass flow rate from each inlet tube goes upward. 
Based on the definition of liquid critical location locL,crit in Section 5.2, (Nt - locL,crit) will be the 
number of tubes inlet liquid mass flow rate of which is equal to the total liquid mass flow rate 
going upward. From locV,crit and locfilm,crit determined above, the equivalent locL,crit can be 
determined by 
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Adding liquid mass flux onto the vapor flux, the mass flux, quality, and void fraction in each 
segment can be worked out and locp0 can be determined. When the void fraction (Zivi, 1964) 
near the bottom (below locV,crit) is too small compared with the top because of liquid “flooding”, 
it will block vapor from going down and the local ζV should be bigger. In that case, ζV above 
locV,crit will be reduced. locV,crit will be re-calculated to be a newer value. This starts the inner 
loop. 
Starting from locL,crit going upward and locV,crit going downward, the pressure drop for each 
segment in two directions downstream can be calculated, as shown by Figure 5.8. Between 
locL,crit and locV,crit, there is counter-current flow, the pressure drop correlations for which are 
limited. So, the pressure difference in that region is neglected for now. The pressure drop 
considered in the header includes accelerational dp, frictional dp, and gravitational dp. Using the  
 
Figure 5.8 Pressures, mass flux and velocity notation in segments 
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notations in Figure 5.8, the accelerational dp above locL,crit and below locV,crit is calculated by 
Eqns. (5.10) and (5.11). Void faction correlation by Zivi (1964) is used for calculation of mean 
density ?̅?𝜌. The friction dp is calculated by the correlations of Friedel (1979). 
 2 2ro,i-1 i-1 i-1 ri,i i i
1 1
2 2
p v p v+ = +ρ ρ  (5.10) 
 2 2ro,i+1 i+1 i+1 ri,i i i
1 1
2 2
p v p v+ = +ρ ρ  (5.11) 
The pressure is deducted to the exit of segment 0 and the exit of segment 21, e.g., pD,new and 
pU,new in Figure 5.4. They are compared with the inputs to the model pD and pU, and then the 
uniform ζV for initialization is iterated to finally match the pressure boundary conditions. This is 
the outer loop. ηV will be calculated based on ζV for each inlet tube within the loop, together with 
the other model outputs xU and xD. 
5.4 RESULTS AND DISCUSSION 
Figure 5.9 demonstrates a general trend of how ηL and ηV change with increasing flow 
resistance on the path of downward exit. Three inlet conditions are picked: Gin = 166 kg·m-2·s-1, 
xin = 0.21; Gin = 207 kg·m-2·s-1, xin = 0.2; Gin = 311 kg·m-2·s-1, xin = 0.16. The data was achieved 
by gradually closing valve V2 in Figure 4.1. Pressure drop (ΔP) is measured between points 1 
and 2 in Figure 4.1. As valve V2 is gradually being closed, ηV increases and ηL decreases. That is 
because vapor velocity in the header is becoming higher and that will cause more liquid 
entrainment, so ηL becomes smaller. 
Figure 5.10 shows that the model captures the changing trend of ηL as a function of ηV at the 
same inlet condition with experiments. The inlet condition and ηV are set to be the same as those 




Figure 5.9 Effects of the flow resistance in the path of the downward exit plane on ηV and ηL (Dh = 15.1 
mm, 21 inlet tubes, R134a, Pin = 510-570 kPa) 
 
Figure 5.10  Impact of ηV on liquid separation efficiency ηL (Same operating conditions with Fig. 5.9) 
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stronger entrainment of the liquid by more upward moving vapor. Aside from the model 
accuracy, another reason for the deviation of the model from the experiments for GIN=166 kg·m-
2·s-1 and GIN=207 kg·m-2·s-1 is because some of the experimental inlet pressures and qualities 
were not controlled to be perfectly constant. In cases like that, the model takes the average value 
of the experimental pressures and qualities. The experimental xIN was within 0.21±0.01 and 
0.2±0.01 for GIN=166 kg·m-2·s-1 and GIN=207 kg·m-2·s-1, respectively. The experimental pIN was 
within 520±10 kPa and 530±12 kPa. 
To further verify the model with more experimental results in Li (2016) and Li and Hrnjak 
(2018), the model takes the inlet condition from the experiment and a uniform ζV that is the same 
with the ηV in the experiment as inputs, then the ηL calculated as the output can be compared 
with the experimental ηL. Figure 5.11 demonstrates the comparison between the prediction of ηL  
 
Figure 5.11 Prediction of separation efficiency ηL by the model (Dh = 15.1 mm, 21 inlet tubes, R134a, Gin 
= 87 – 311 kg·m-2·s-1) 
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by the model and the measured ηL for each inlet mass flux from Li (2016) and Li and Hrnjak 
(2018). Almost all the data points fall into the error band of ±15%. The mean droplet diameters ?̅?𝑑 
for all the experimental conditions are determined by the model to be in the range of 0.17 mm – 
0.62 mm. 
Figure 5.12 shows for five inlet conditions how the quality at the upward exit plane xU varies 
with ηV. Since xU is the inlet quality to the 2nd-vapor pass of the separation condenser, it is ideal 
to have a high xU. Considering the qualities at the exit planes (xU and xD) have bigger uncertainty 
compared to the separation efficiency η (xU has an uncertainty of 15% from Section 4.2.4), the 
agreement between the model and the experiments in Figure 5.12 is reasonably well. It is 
interesting to note that xU is insensitive to the total flow rate going into the 2nd-upper pass ṁU. 
At each of the three experimental Gin of 166 kg·m-2·s-1, 207 kg·m-2·s-1, and 311 kg·m-2·s-1, the 
mass flow rate at the upward exit plane ṁU all changed by about 50%, however, the change of xU  
 
Figure 5.12 xU as a function of vapor separation efficiency ηV (Dh = 15.1 mm, 21 inlet tubes, R134a) 
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is within 25%. This insensitivity will make the quality going into the 2nd-vapor pass of 
separation condenser change little at different iterations of ṁU. It will essentially make easier the 
condenser model that will incorporate this model of the second header. 
Figure 5.13 shows a case study for the effect of inlet mass flux on separation efficiency. (a) 
and (b) show the local superficial velocity for vapor and liquid for two values of GIN at the same  
 
Figure 5.13 Local superficial velocity of vapor and liquid (a) GIN=104 kg·m-2·s-1, xIN=0.13; (a) GIN=311 
kg·m-2·s-1, xIN=0.13 (Dh = 15.1 mm, 21 inlet tubes, R134a, pIN = 510 kPa) 
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xIN and pIN. Efficiency ηV is set as constant at 0.7. The modeling result shows ηL is 0.998 at lower 
GIN (104 kg·m-2·s-1) in Figure 5.13(a), which is consistent with the experimental result. The local 
liquid superficial velocity uLS at the upward exit plane is 1.6×10-4 m/s, which is almost negligible. 
That is because of the low local vapor superficial velocity uVS, so, the liquid split ratio ζL for 
each tube above locV,crit is too small (the highest ζL = 0.013 for tube 21 on the top). In Figure 
5.13(b), due to higher GIN (311 kg·m-2·s-1), local uVS increases. This causes more liquid to be 
dragged upwards, thus, ηL drops down to 0.543 (locL,crit dropping to 10). uVS at the top segment 
21 in Figure 5.13(b) is 1.23 m/s, which is 3 times of the uVS at segment 21 in Figure 5.13(a). If 
the header cross-sectional area is increased by 3 times, GIN=311 kg·m-2·s-1 case will have very 
similar velocity profile as GIN=104 kg·m-2·s-1 and ηL will be increased to approach 1 as well. 
This provides a reasonable prediction that increasing the cross-sectional area can effectively 
increase separation efficiency. 
5.5 SUMMARY AND CONCLUSION 
A mechanistic model presented is built to predict the phase separation efficiency in the 
vertical second header of condensers with separation circuiting. Based on flow regime analysis 
and previous visualization, liquid at different locations may be entrained either as droplets in 
churn flow (“waves” that consist of thousands of droplets) region and counter-current flow 
region or as film attached to the wall in annular flow region. Based on different entrainment 
criteria, the mass flow rate of liquid going up is calculated; liquid separation efficiency is thus 
calculated. 
For a second header at one inlet condition of the flow, the liquid separation efficiency ηL is a 
function of the vapor separation efficiency ηV. ηL has a monotonic decreasing relationship with 
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ηV for the tested conditions. The agreement of the model to the experimental results is within ±15% 
for separation efficiency. 
The model captures the experimental observations: ηL deteriorates with increasing inlet mass 
flux because higher inlet mass flux gives higher vapor velocity along the header. The model 
predicts that separation efficiency will increase with increasing diameter of the header because of 





Chapter 6 PARAMETRIC STUDY AND IMPROVEMENT OF 




The inlet to the separation condenser is in the middle of the condenser height. After the first 
pass, in the vertical second header of the condenser, refrigerant vapor separates from liquid 
mainly due to gravitational effects. In ideal case vapor should go to the top exit and liquid to the 
bottom exit, resulting in increased heat transfer. Due to interaction between vapor and liquid, 
separation is not perfect, expressed through the separation efficiency. 
This chapter presents a parametric study of phase separation efficiency in the second headers, 
with the target to improve separation efficiency. Using R134a as a baseline, the experimental 
results are compared to the simulation of the mechanistic model from Chapter 5. Inlet mass flux 
in simulation is controlled at 87 – 311 kg·m-2·s-1 and inlet quality at 0.05 – 0.25. The observed 
flow patterns in the header are compared with the modeling results. Then, the header diameter is 
increased, which effectively improves the separation efficiency due to the reduction of vapor 
velocity in the header. In addition, a larger number of inlet tubes is also found to help with 
separation for the same inlet mass flow rate. Finally, R245fa and R32 are modeled in comparison 




6.2 EFFECT OF INLET MASS FLUX 
The 1-D mechanistic model from Chapter 5 is used to simulate the local superficial velocity 
of both vapor and liquid for the two cases in experiments: 1) GIN=104 kg·m-2·s-1, xIN=0.13, 
ηV=0.71; 2) GIN=207 kg·m-2·s-1, xIN=0.14, ηV=0.61. The results are presented in Figure 6.1. 
Upward is the positive direction for velocity. 
 
Figure 6.1 Local superficial velocity of vapor and liquid: (a) GIN=104 kg·m-2·s-1, xIN=0.13, ηV=0.83; (b) 
GIN=207 kg·m-2·s-1, xIN=0.14, ηV=0.61 (Dh = 15.1 mm, 21 inlet tubes, R134a, PIN = 492±3 kPa) 
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From Figure 6.1(a) for lower GIN (104 kg·m-2·s-1), locfilm,crit = 21 meaning no annular flow is 
formed. locL,crit = 20 and ηL is 99.8%. The model predicts the vapor flow in the header is only 
enough to entrain 0.2% of the liquid going upward. The value of ηL is almost the same as the 
experimental value of 100%. When GIN turns to be 207 kg·m-2·s-1 in Figure 6.1(b), local vapor 
superficial velocity uVS increases. This causes more liquid to be entrained upwards, the model 
calculates ηL to be 0.67, which is 4.1% lower than the experimental value. locL,crit drops to 14, 
but locfilm,crit still equals to 21 because the highest vapor velocity is still not enough to form 
annular flow. Figure 6.2 shows the droplet size distribution based on the Beale-Reitz model for 
the two experimental inlet conditions. Mainly due to the low inlet mass flux (GIN =104 kg·m-2·s-
1), the first condition has a mean diameter of 0.58 mm, more than twice of the mean diameter for 
GIN = 207 kg·m-2·s-1. Together with the low local vapor velocity due to the low inlet mass flux,  
 
Figure 6.2 Distribution of droplet sizes based on Beale-Reitz model for the two experimental conditions 
in Figure 6.1 
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these two reasons make the ζL for GIN =104 kg·m-2·s-1 much higher than that for GIN = 207 kg·m-
2·s-1. When using Eqn. (5.8) to calculate locL,crit, (ζL)21 for GIN = 104 kg·m-2·s-1 is 0.036 while 
(ζL)21 for GIN = 207 kg·m-2·s-1 equals 0.991. 
6.3 EFFECT OF HEADER DIAMETER  
Header diameter may change the separation efficiency by varying the local vapor velocity. 
Figure 6.3 shows the experimental and modeling results of the two test sections with diameters 
of 15.1 mm and 23.7 mm. It is clear that for the same value of ηV, test section 2 of 23.7 mm has a 
higher ηL than test section 1 does. In fact, the vapor velocity in test section 2 is reduced so much 
compared to test section 1 that ηL is almost not affected by ηV. ηL is always equal to 1 in 
experiments for test section 2. 
To look into more details of the separation inside, the model is also used to test the effect of 
header diameter. Figure 6.4 takes the flow conditions in Figure 6.1(b) and showcases the effect 
of header diameter on velocity inside. Local vapor and liquid superficial velocities are plotted for 
 
Figure 6.3 Comparison between ηL of the two test sections at two inlet conditions: (a) GIN = 166 kg·m-2·s-1, 




Figure 6.4 Local superficial velocity of vapor and liquid for GIN = 207 kg·m-2·s-1, xIN = 0.14 (a) Dh,eq = 9.2 
mm; (b) Dh,eq = 13.0 mm (21 inlet tubes, R134a, PIN = 489 kPa, ηV = 0.61) 
different headers at the same GIN, xIN, and PIN. Efficiency ηV is set the same with Figure 6.1(b) to 
be 0.61. 
As the microchannel tubes and tube intrusion depth are maintained to be the same, equivalent 
hydraulic diameter Dh,eq is increased to 13.0 mm (Dh = 21.4 mm) in Figure 6.4(b) from 9.2 mm 
(Dh = 15.1 mm) in Figure 6.4(a), with cross-sectional area being twice as big. Compared with 
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Figure 6.4(a) (ηL = 0.78), modeling result shows locL,crit is effectively elevated to 20 in Figure 
6.4(b) and ηL = 0.985. It is apparent that due to larger Dh,eq, local superficial velocity uVS 
decreases almost by half. This causes less liquid to be entrained upwards, thus, ηL increases to 
0.985. 
It should be noted that the header cross-sectional area being increased by twice is not 
necessarily equivalent to inlet mass flux being reduced by half (the case of Figure 6.1a). ηL 
(0.985) in Figure 6.4(b) is smaller than ηL (0.998) in Figure 6.1(a) even though ηV in Figure 6.4(b) 
is smaller (less portion of vapor going up to entrain droplets). The deviation on ηL could be 
bigger when the condition is different. The reason for the deviation is that the droplet diameter is 
smaller at a higher inlet mass flux, as shown by Figure 6.2, so droplets are entrained by a lower 
vapor velocity. This once again demonstrates the importance of droplet size to ηL. 
Figure 6.5 shows the separation efficiencies at more conditions for more header diameters. 
Figure 6.5(a) has the same inlet condition as Figure 6.1(b). The header cross-sectional area is 
increased to double (Dh = 21.4 mm) and triple (Dh = 26.2 mm) of the original area. It clearly  
 
Figure 6.5 Separation efficiency at GIN = 207 kg·m-2·s-1 for different diameters (a) xIN = 0.14, TIN = 15˚C; 
(b) xIN = 0.54, TIN = 45˚C (21 inlet tubes, R134a) 
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shows ηL increases with Dh. When Dh = 26.2 mm, ηL is almost 1. Figure 6.5(b) simulates a 
condition that is more close to the condition in a real condenser: xIN = 0.54 and TIN = 45 ˚C. The 
ηL drops down for the same header in Figure 6.5(a) because the increase of inlet quality makes 
the total vapor mass flow increase thus vapor velocity. From Figure 6.4 and Figure 6.5, it is 
proved that increasing the cross-sectional area can effectively increase the separation efficiency. 
6.4 EFFECT OF THE NUMBER OF TUBES 
Figure 6.6 demonstrates the effect of the number of tubes (Nt) on the separation result in the 
second header. The number of tubes is increased from 14 to 28 while the tube pitch is maintained 
the same. Inlet mass flow rate instead of inlet mass flux is set to the same because this simulates 
varying the pass circuitry of a separation condenser to achieve the highest capacity while the 
inlet mass flow rate is a constant. The inlet mass flow rate and other inlet parameters are 
   
Figure 6.6 Separation efficiency for three headers with different number of tubes (21 inlet tubes, Dh = 
15.1 mm, R134a, TIN = 16.3 ˚C, ṁIN = 20 g·s-1, xIN = 0.17) 
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controlled to be the same as those for test section 1 in Figure 6.3(b). For the same value of ηV, 
Figure 6.6 shows that the header with 28 inlet tubes has the highest ηL. As introduced in section 









 = −ζ  (6.1) 






















  (6.2) 
Based on the mechanism shown in Chapter 5, as Nt increase, the droplets from more tubes 
will be entrained. The number of those tubes will be ηV·Nt. The liquid mass flow rate from one 
inlet tube is ṁL,IN/Nt. While these two factors cancel out each other in Eqn.(6.2), the ζL part has a 
negative derivative with respect to Nt mainly because the mean droplet diameter ?̅?𝑑 increases as Nt 
increases. 
Since the total header length will be different, the location of the velocity to be compared 
will be relative to the total tube number, so the di part almost does not change at the same 
relative location along the header. However, at the same inlet mass flow rate, increased Nt 
reduces the ejection velocity of liquid in the Beale-Reitz model for flow atomization, thus 
increasing the ?̅?𝑑. The droplet size distribution for the different ejection velocity due to different 
Nt is shown in Figure 6.7. Therefore, the ζL part of Eqn.(6.2) decreases as Nt increases. In the end, 
ṁLU decreases and ηL increases as Nt increases. 
6.5 EFFECT OF FLUID PROPERTIES 




Figure 6.7 Droplet size out of the inlet tubes for three headers with different number of tubes (same 
operating condition as Figure 6.6) 
Refrigerant with larger liquid density will have “heavier” droplets, thus making it harder for 
vapor to entrain them. Refrigerant with larger vapor viscosity will apply larger drag to liquid, 
thus making it easier to entrain droplets or form annular flow.  
Figure 6.8 presents the separation efficiencies of three different refrigerants: R134a, R245fa, 
and R32 at the same inlet mass flux, quality with Figure 6.1(b). Two saturation temperatures are 
simulate: (a) Tsat = 15˚C and (b) Tsat = 45˚C. The Dh is still 15.1 mm. For these three refrigerants, 
Figure 6.8 shows different lengths of the linear regions of ηL as a function of ηV. The curves for 
R32 and R134a approach to the asymptotes of ηL = 1 as ηV becomes lower. That indicates when 
ηV is too low, the resultant local uVS is too low to entrain any droplet. 
 R245fa has the lowest ηL among the three refrigerants and it does not seem to approach an 
asymptote in Figure 6.8. That is because 1) it has the smallest droplet diameter d (0.09 mm) after 




Figure 6.8 Separation efficiency at Gin = 207 kg·m-2·s-1, xin = 0.14 for different refrigerants: (a) Tsat = 15˚C; 
(b) Tsat = 45˚C (Dh = 15.1 mm, 21 inlet tubes) 
15 ˚C, while ρV of R32 is 35.2 kg·m-3. That makes the vapor velocity of R245fa more than five 
times of R32 at the same mass flux. 
In Figure 6.8(a), R32 has the highest ηL mainly due to its largest droplet diameter after 
atomization. Its mean diameter ?̅?𝑑 is 0.39 mm and the threshold uVS to entrain a drop of that size 
is 0.53 m·s-1. The ?̅?𝑑 of R134a is 0.27 mm and the threshold uVS is 0.56 m/s. While the droplet 
size and threshold uVS are similar between these two refrigerants, the difference exists in ρV. ρV 
of R134a (23.8 kg·m-3) is 68% of that of R32 (35.2 kg·m-3). That makes the local uVS of R134a 
bigger at the same vapor mass flow rate, so more R134a droplets are entrained upward and its ηL 
is lower. 
Figure 6.8(b) can be compared with Figure 6.8(a) to check the temperature effect on these 
separation efficiencies. 45 ˚C is more similar to the saturation temperature in an automotive 
condenser. It is apparent that ηL increases with increasing saturation temperature: the curves for 
R32 and R134a move towards the asymptotes ηL = 1, and the R245fa curve is also elevated. That 
is mainly due to the increased mean diameter ?̅?𝑑 of droplets. 
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6.6 SUMMARY AND CONCLUSION 
The effects of inlet mass flux, header diameter, number of tubes, and fluid properties on 
separation efficiency in vertical second headers are studied. Experiments and a 1-D mechanistic 
model are used for the parametric study.  
ηL can be 100% at low inlet mass flux due to the resultant low vapor velocity and large 
droplet diameter, but ηL deteriorates with either increasing inlet mass flux or inlet quality. 
Experiments and modeling show ηL increases as the diameter of the header increases because 
with a larger diameter vapor velocity is decreased. ηL becomes higher with an increasing number 
of inlet tubes as well at the same inlet mass flow rate. 
At the same inlet mass flux, quality and saturation temperature, separation efficiencies of 
three refrigerants are simulated by the model. The order of ηL is: R-32> R-134a > R-245fa. R-
245fa is lowest because its droplets injected into the header are the smallest and its vapor density 
is the smallest among the three. R-134a is lower than R32 mainly because its vapor density is 




Chapter 7 CFD SIMULATION OF PHASE SEPARATION IN 
VERTICAL SECOND HEADERS 
 
7.1 INTRODUCTION 
This chapter presents the 3-D numerical study of phase separation efficiency in the second 
header. The Eulerian multiphase model of the Euler-Euler approach of Computational Fluid 
Dynamics (CFD) is used. The two-phase R134a refrigerant flow is simulated. The inlet mass 
fluxes to the second header are 166 kg·m-2·s-1, 207 kg·m-2·s-1, and 311 kg·m-2·s-1. The inlet 
quality is in the range of 0.16 – 0.21. The simulation agrees well with the experimental results. 
The CFD results are also compared to the 1-D numerical model built in Chapter 5, and CFD 
helps to improve the 1-D model. Reversed flow can be seen in the cross-section of the header 
from the CFD results. 
7.2 MODELING DESCRIPTION 
ANSYS-Fluent is employed to simulate the two-phase flow. The simulation of the vapor-
liquid monodispersed flow is conducted using the Eulerian multiphase model based on the 
Euler–Euler approach (ANSYS, 2018), in which the vapor phase is regarded as continuum and 
liquid phase as the dispersed phase. Refrigerant fluid properties are calculated from REFPROP 
10.0 (Lemmon et al., 2018). 
To simplify numerical simulation while still keeping the basic characteristics of the process, 
the following assumptions are made in the present simulations: 
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(1) The thermal properties of the fluids are constants. The continuous vapor phase is 
macroscopically regarded as continuum, and the dispersed liquid phase is spherical. 
(2)  For the 21 inlets to the second header, uniform flow rates are assumed for both the gas 
phase and the liquid phase. This is because the inlet to the 1st pass of the condenser is 
usually single-phase vapor which should be uniformly distributed with uniform air 
velocity over the whole face of the condenser. 
(3) The two-phase flow processes are in steady state and the interfacial mass transfer is not 
considered. 
For the interfacial forces, drag force (Schiller and Naumann, 1933; 1935) and lift force 
(Legendre and Magnaudet, 1998) are considered. Based on the definitions in ANSYS (2018), the 
wall lubrication force ?⃗?𝐹wl (the forces that push the bubbles away from the walls for bubbly flows) 
and virtual mass force ?⃗?𝐹vm (the inertia force of the vapor encountered by the accelerating liquid 
droplets) are relatively small and not considered in the study. The turbulence dispersion force ?⃗?𝐹td 
is the instantaneous drag minus the mean drag ?⃗?𝐹drag and normally denotes the turbulent diffusion 
in dispersed flow. Since the Reynolds number is on the order of 103 in the header, the turbulence 
dispersion force is also assumed to be small and negligible in the current calculation. 
The governing mass and momentum conservation equations are discretized by the finite 
volume method; the convection term is discretized by the 1st order scheme. The calculation is 
performed in double precision. The Phase Coupled SIMPLE (PC-SIMPLE) algorithm is used for 
the pressure-velocity coupling. 
The targeted 3-D computational domain of the CFD model is the inlet section of the second 
header in Figure 5.1. The computational domain is all fluid volume and is discretized into a 
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number of nodes forming a hexahedral mesh. Two necessary modifications are done to the 
original domain: 
(1) The domain is cut to be half due to symmetry; 
(2) The vapor exit end and the liquid exit end are elongated by eight times the diameter to 
prevent a big amount of reversed flow at the two exits (almost half of the tube). 
The elongated parts have simpler geometry that is only two half-round tubes, so the flow 
field should be less complex than that in the inlet part with intrusions. So, the axial length of one 
node is twice of that in the inlet part. 
The grid independence test is carried out to ensure a grid-independent solution is obtained. 
The size of one node is kept small enough to have 2 nodes along the height of the microchannel 
tube slot. Three different grid systems with 972,871, 1,539,867 and 1,997,222 nodes are adopted 
for calculation of the whole computational domain. For the 972,871-node grid, the maximum cell 
size of the inlet section is 0.4 mm; for the 1,539,867-node grid, the maximum cross-sectional cell 
size is 0.3 mm and the maximum axial cell size of the inlet section is 0.4 mm; for the 1,997,222-
node grid, the maximum cell size of the inlet section is 0.3 mm. Figure 7.1 shows the cross-
sectional view and the microchannel view for the mesh with 1,539,867 nodes. When the node 
number is 1,997,222, the difference in the liquid and vapor separation efficiencies is less than 2% 
compared to the 1,539,867-node system. Considering the computational time cost and precision, 
the 1,539,867-node system is taken for the computation. 
The velocity boundary condition is adopted for the vapor and liquid inlets. The average static 
pressure boundary condition is used for the outlets. 
An iterative solution process in Fluent is implemented by a steady-state solution process. The 
convergence criterion in the simulation is that the residuals for all the variables are lower than  
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(a) (b) 
Figure 7.1 The mesh with 1,539,867 nodes: (a) Cross-sectional view of the header; (b) Microchannel 2-D 
view 
1.0×10-2 and the mass flow imbalance between the outlet and inlet is less than 1%. When 
checking the mass flow balance between outlet and inlet, 6000 iteration steps are needed to reach 
the level of less than 1%. 
7.3 RESULTS AND DISCUSSION 
The 18 cases studied in the numerical simulation are listed in Table 7.1. The working fluid is 
R-134a. Three pairs of mass flux and gas quality at the inlet are investigated: Gin = 166 kg·m-2·s-
1, xin = 0.21; Gin = 207 kg·m-2·s-1, xin = 0.2; Gin = 311 kg·m-2·s-1, xin = 0.16. 
The CFD simulation results are compared here to the experimental data and the results of the 
1-D mechanistic model. Figure 7.2 plots pairs of ηL and ηV from experiments as discrete points 
(EXP as the legend). The uncertainty of ηV is within 2.1% and the uncertainty of ηL within 1.6%. 
With the values of vapor separation efficiency ηV from Figure 7.2 being the inputs of the 
mechanistic model, ηl will be calculated and the relationship is plotted as a continuous curve 
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Table 7.1 Conditions for the cases in the CFD simulation 






2 0.609 11 0.703 
3 0.624 12 0.763 
4 0.674 13 
311 0.16 
0.578 
5 0.733 14 0.586 
6 0.776 15 0.596 
7 
207 0.2 
0.582 16 0.627 
8 0.604 17 0.694 
9 0.611 18 0.751 
 
(1-D MOD as the legend) for each inlet condition. Figure 7.2 demonstrates more liquid (ṁLU) is 
moving upward due to more upward-moving vapor (ṁVU). In the range that the experimental 
conditions cover, ηL decreases linearly with increasing ηV agreeing with results in the last two 
chapters. 
For the same inlet condition with the experiment, estimated pressure boundary condition is  
 
Figure 7.2 ηL changes as a function of ηV for three simulated inlet conditions 
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the input for each case of the CFD model and the results are shown as the discrete dots also in 
Figure 7.2. It shows that the CFD simulation captures the changing trend of ηL as a function of 
ηV. More than 90% of the data points of ηL are predicted within +/- 5% deviation from the 
experimental results. This proves that the Eulerian model in CFD works for these conditions. 
One reason for the deviation of experiment data from the 1-D model result is due to the small 
variance of inlet condition, that in the experiment the inlet mass flux, quality, and pressure 
cannot be controlled perfectly to be the constants inputted to the model. Inlet pressure in 
experiments is within ±15 kPa difference to an average for each inlet condition. 
Figure 7.3 demonstrates the comparison of the liquid location between CFD simulation 
results and snapshots of flow visualization videos for three cases. The CFD results show the 
vapor volume fraction, e.g. void fraction, on the wall of the header. It is confirmed through the  
   
(a) (b) (c) 
Figure 7.3 Comparison of liquid location between the CFD simulation and experimental flow 
visualization (dark region): (a) GIN = 166 kg/(m2·s), xIN = 0.21, ηV = 0.60; (b) GIN = 207 kg/(m2·s), xIN = 
0.21, ηV = 0.58; (c) GIN = 311 kg/(m2·s), xIN = 0.16, ηV = 0.58 
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CFD results that most of the liquid accumulates on the opposite side to the inlet tubes on the wall 
of the header. This is mainly due to the intrusion of the inlet tubes into the header. 
Even though this kind of comparison is intuitive, it has two limitations: 
(1) the flow visualization video always shows the smallest void fraction because it captures 
the flow not only at the plane of focus but also at planes closer to or farther away from the 
camera; (2) the video of two-phase flow shows a period, while the CFD result shows one instant 
of a steady state solution. Even though measurements were taken at a steady state, the two-phase 
flow itself has instability in nature. These may cause the difference between a snapshot of the 
video and the CFD result. 
For the 18 cases, a general phenomenon exists that there are vortices between adjacent 
microchannel tubes. At a steady state, these local vortices prevent most of the free-flowing liquid 
from coming to the intrusion side of the header and make the other half of cross-section the “free 
flow” region. Therefore, based on this CFD result, half of the cross-sectional area is used to 
calculate the vapor superficial velocity in the 1-D model introduced in Chapter 5. Figure 7.4 
demonstrates the diagrams of the vapor velocity vector for the (b) case in Figure 7.3 (Case 7 in 
Table 7.1). The vortices are clearly shown on the A-A plane. The vapor velocity magnitude is 
lower at the middle of the header and higher at the two exits, which shows the accumulation of 
vapor flow rate towards the two exits. It agrees with the trend predicted by the 1-D model. 
Figure 7.5 displays the vortices from the cross-sectional point of view. It shows the velocity 
contours for both phases on the two exit planes. Same as in the 1-D model, upward is the positive 
direction of velocity. From both contours for vapor, 𝑢𝑢�⃗ V (in the red dash ellipse) has an opposite 
sign on a portion of the intrusion side of the header compared to the free-flow side. While the net 




Figure 7.4 Vapor velocity streamlines at two central planes (R134a, GIN = 207 kg·m-2·s-1, xIN = 0.21, PIN = 
511.4 kPa, ηV = 0.58) 
negative, there is clearly reverse flow on the intrusion side of both exit planes. From the contours 
for liquid, where the vapor velocity is higher the liquid velocity is also higher, which indicates 
liquid entrainment in the vapor. 
For the same case as in Figure 7.5, Figure 7.6 shows the local vapor and liquid superficial 
velocities along the vertical direction, together with the snapshot from flow visualization. Results 
generated by the 1-D model and the CFD simulation are compared. The velocity of each cross-
sectional plane in the CFD result is calculated as the average velocity of that plane. The velocity 
in the 1-D result is calculated using half of the cross-sectional area based on the free-flow 




Figure 7.5 Velocity at two exit planes (same condition as in Figure 7.4) 
critical location for that phase. Above the liquid critical location locL.crit, there is upward churn 
flow based on the flow map by Taitel et al. (1980); between locL.crit and the vapor critical 
location locV.crit, the directions of vapor velocity and liquid velocity are opposite, thus there is 
counter-current flow; below locV,crit, there is downward co-current flow. 
Figure 7.6 demonstrates a good match between the 1-D model result and the CFD result. The 
local vapor superficial velocity uVS is offset only by about 0.025 m/s. The deviation is small, and 
Figure 7.6 shows with this very close uVS, the liquid superficial velocity uLS matches very well. 
More importantly, the agreed trend with CFD proves the assumption for the vapor and liquid 
velocities in the 1-D model is valid. First, uVS becomes higher going upward because of the flow 
rate accumulation at a steady state condition; second, higher ζL exists for the upper inlet tubes 
than ζL of the lower inlet tubes due to the higher local vapor velocity at the upper tubes. If ηV is 




Figure 7.6 Velocity comparison between CFD and the 1-D model (same condition as in Figure 7.4) 
vapor velocity will become higher and ζL will increase for all the inlet tubes above locV,crit. 
For the same conditions as in Figure 7.3, Figure 7.7 reveals the gauge pressure (Pabsolute-PIN) 
inside the header. The cross-sectional pressure is shown every two tube pitches. Figure 7.7 
shows that for the regions having co-current flow (downward flow or upward flow), the pressure 
variation in the axial direction is still larger than the pressure variation on one cross-section. For 
example, in Case (b) (GIN = 207 kg m-2 s-1), xIN = 0.21, ηV = 0.58), from locL,crit to the upward 
exit plane, the pressure changes from 150 Pa to 25 Pa, while the biggest variation on one cross-
section is within 15 Pa. This indicates an important aspect for two-phase pressure drop studies in 
headers. That is, the 1-D pressure drop correlations may still work for predicting the pressure 




Figure 7.7 Cross-sectional pressure contours along the header (same condition as in Figure 7.4) 
needs to be investigated further in the future is the frictional loss of the developing two-phase 
flow in the header and the local loss of pressure due to the consecutive intrusions by the 
microchannel tubes. 
7.4 SUMMARY AND CONCLUSION 
Two-phase flow in the second header of separation condensers is studied using CFD. The 
CFD model is validated against the experiment data within +/- 10%, and helps to improve a 1-D 
mechanistic model. The Eulerian model works for our experimental conditions. All the results 
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show that, at constant inlet condition, the liquid separation efficiency decreases with increasing 
vapor separation efficiency following a linear decreasing trend in the experimental range. 
It is also found from the CFD results that there are vortices between adjacent two 
microchannel tubes. These vortices make the other half of the header the free-flow region. This 
finding suggests half of the cross-sectional area be used in the 1-D model. Reverse flow is found 
on the intrusion side of the exit planes to the 2nd passes of the condenser.  
The match on local liquid velocity between the CFD result and the 1-D model result verifies 
the assumption about liquid movement in the 1-D model: the liquid split ratio of the upper inlet 
tubes is higher than that of the lower inlet tubes due to the higher local vapor velocity at the 
upper inlet tubes. 
For the regions having co-current flow, the pressure variation in the axial direction is still 
larger than the pressure variation on one cross-section, which indicates the usefulness of 1-D 
pressure drop correlations for flow in headers. The frictional loss of the developing two-phase 
flow in header and the local loss of pressure due to the consecutive intrusions need to be 







Chapter 8 AN EXPERIMENTALLY VALIDATED MODEL 




The experimental study in Chapter 3 demonstrates the potential for performance 
improvement of condensers by the separation circuitry. This chapter presents a model for the 
separation condenser, which incorporates the mechanistic model developed in Chapter 5 to 
calculate the phase separation efficiency in the second header. Refrigerant flow in the second 
header has two outlets: the upward exit and the downward exit. These are the inlets of its 
downstream passes in the separation condenser. Thus, other than the in-header fluid dynamics 
for the two-phase flow, the downstream flow resistance (a function of cross-sectional area and 
heat flux) also influences the separation results in the second header by setting up its boundary 
pressures, based on equal pressure drop in the upper passes and lower passes.  
To the author’s best knowledge, this is the first time in the literature to build a complete 
model for separation condensers. The condenser model is validated by condenser test results 
using R134a. Its mass flux through the first pass is in the range of 145 – 330 kg/(m2s). The 
difference between measurement and modeling result is ±5% for capacity and ±20% for pressure 
drop. The model could work as a guide for the design of separation condensers which will be 
presented in the next chapter. 
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8.2 MODEL DESCRIPTION 
8.2.1 SECOND HEADER MODEL 
Chapter 4 develops a mechanistic model for flow in the second header to predict separation 
efficiency. More details about the second header model can be referred to in that chapter. This 
chapter will focus on the incorporation of that header model into the model for separation 
condensers. 
When incorporated into the condenser model, the inputs for the header model are ṁIN, xIN, pIN, 
and ṁVU as shown in Figure 5.1. Outputs for the model are ṁLU, ṁLD, pU, and pD. Based on ṁVU, 
the vapor split ratio ζV (vapor going up from one tube divided by the vapor coming out of that 
tube) is calculated for all the inlet tubes. Then, the local vapor superficial velocity uVS can be 
calculated for each segment. The local vapor superficial velocity will later be used to determine 
local liquid entrainment in each segment. Summing up all the liquid going up from each tube, 
ṁLU can be calculated; summing up all the liquid going downward will give ṁLD. 
Adding liquid mass flux onto the vapor flux, the mass flux, quality, and void fraction in each 
segment can be worked out. The rest of the procedures are the same as Chapter 5 to calculate pU 
at the upward exit plane and pD at the downward exit plane. 
8.2.2 PASS MODEL 
The second header model has been incorporated with the 1-D finite-volume model from Li 
(2016) for flow passes in the condenser. Figure 8.1 illustrates what model each part of the 
separation condenser uses. The green shadowed rectangle denotes the location of the second 
header. Except for the 1st pass, each pass consists of one inlet header, parallel microchannel 




Figure 8.1 Second header model is incorporated with the pass model to simulate the separation condenser 
rectangle in Figure 8.1. Each pass is simulated by the improved pass model from Li (2016). 
In the pass model, each microchannel tube is divided into small segments, as shown in Figure 
8.2, for finite volume calculation. Each segment has its own set of governing equations for heat 
transfer, pressure drop, and refrigerant mass. The governing equations are linked through the 
designation of segment inlet and outlet. Each segment has distinct conditions at the refrigerant  
 
Figure 8.2 Modelling of one single pass in the condenser 
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inlet and the refrigerant outlet. The outlet condition of a segment is equal to the inlet condition of 
the segment downstream. This way the simulated refrigerant enthalpy and associated properties 
will steadily change across the chain of segments. While the air face velocity and inlet 
temperature are the same for each segment due to the cross-flow configuration, each segment has 
its air outlet temperature. In a common simulation case, inputs to one microchannel tube are the 
inlet parameters of the very first segment as well as parameters that are equal for all segments 
such as refrigerant mass flux, air velocity, and air inlet temperature, pressure, and relative 
humidity. 
Following assumptions are made to the pass model: (1) uniform liquid refrigerant flow 
distribution among the microchannel tubes in one pass unless otherwise specified; (2) for each 
port in the same tube, the refrigerant mass flow rate and quality are the same; (3) no heat is 
conducted along the tube or between the tubes through fins; (4) all headers are adiabatic. 
To model the heat transfer between the air and the refrigerant, the Effectiveness–Number of 
Transfer Unit (ε-NTU) method is used. As outlined in Incropera et al. (2007), the maximum 
possible heat transfer in one element is defined as 
 ( )max a ri aiQ C T T= −   (8.1) 
The actual heat transfer rate in one element is given as 
 ( )a ri aiQ C T T= −ε    (8.2) 
where ε is the effectiveness of the element. The effectiveness is a function of the NTU and heat 










= =   (8.3) 
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Both single phase and two phases will exist on the refrigerant side in the condenser. Eqn. (8.4) 
is used for single-phase flow and Eqn. (8.5) for two-phase flow. 
 ( )0.22 0.78min r
max
1 exp exp 1C NTU C NTU
C
 
 = − ⋅ ⋅ − ⋅ −  
 
ε   (8.4) 
 ( )1 exp NTU= − −ε   (8.5) 
where NTU is defined as the ratio of overall heat transfer coefficient multiplied by the heat 





=   (8.6) 
The overall heat transfer coefficient, U, is defined in terms of the total thermal resistance to 
the heat transfer between the air and refrigerant: 
 wall
a a wall r r r
1 1 1




  (8.7) 
where ha and hr are air side and refrigerant side heat transfer coefficients, which are determined 
by different correlations. Moving downstream, hr will change accordingly as refrigerant enthalpy 
decreases. Heat transfer and pressure drop correlations used are listed in Table 8.1. 
The original single-pass model in Li (2016) has been improved in the way that it considers 
the pressure drop in the header segment by segment (varying with mass flux and quality along 
the longitudinal direction of the header), which is more physical. Frictional pressure drop ΔPfri 
and gravitational pressure drop ΔPgrav are considered. Figure 8.2 demonstrates the pressure 
considered in one single pass of the condenser. The pressure drop for each flow path is expressed 
by Eqn. (8.8). It includes the sum of segmental pressure drop in the inlet header, contraction 
pressure drop from header to the microchannel tube ΔPi,in, tube pressure drop ΔPi,tube, expansion 
pressure drop from tube to outlet header ΔPi,out, and the sum of segmental pressure drop in the 
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Table 8.1 Summary of selected heat transfer and pressure drop correlations 
Item Correlation 
Air side  
Heat transfer coefficient Chang and Wang (1997) 
 Pressure drop Chang and Wang (1996) 
 
 
Refrigerant side – Single-phase region  
Heat transfer coefficient Gnielinski (1976)  
Frictional pressure drop Churchill (1977)  
Refrigerant side – Two-phase region  
Heat transfer coefficient Cavallini et al. (2006) 
Frictional pressure drop Cavallini et al. (2006) 
Deceleration pressure drop Cavallini et al. (2009) 
Refrigerant side – Condensing superheated region  
Heat transfer coefficient Xiao and Hrnjak (2017) 
 
outlet header. The pass model solves for a solution for mass flow rate and quality for each 
microchannel tube to have equal pressure drop for each flow path, as shown by Eqn. (8.9). The 
approach of successive under relaxation is employed in iteration to ensure a stable solution. Due 
to the complexity of two-phase flow distribution, for one flow pass having a two-phase inlet, the 
liquid flow rate is assumed uniform or estimated from infrared temperature measurement, and 
the vapor flow rate for each tube is solved. 
 
t




P P P P P P∆ = ∆ + ∆ + ∆ + ∆ + ∆∑ ∑    (8.8) 
 
t1,flow_path N ,flow_path
...P P∆ = = ∆   (8.9) 
Figure 8.3 demonstrates the procedures for modeling the whole separation condenser. From 
the refrigerant-side and air-side inputs, the 1st pass is calculated first. Then ṁVU is initialized and 
it will be iterated in the outer loop. Using ṁVU as one of the inputs, the second header is 




Figure 8.3 Procedures for modeling the condenser with separation circuiting 
the two boundary pressures pU and pD. They are the inlet pressures for the 2nd-upper pass and 
2nd-lower pass. So, with pU, pD, ṁVU and the initial value of ṁLU,pass as the inputs to the model of 
downstream passes, the outlet pressure of the 3rd-upper pass p3U,ro and that of the 3rd-lower pass 
p3L,ro can be calculated. ṁLU,pass will be iterated in the inner loop using secant method until |p3L,ro 
- p3U,ro| < 0.1 kPa. The resultant ṁLU,pass will be compared with ṁLU,second header. If they are not 
equal, ṁVU will be iterated in the outer loop until |ṁLU,pass - ṁLU,second header| < 0.1 g/s. With the 
final values of ṁVU and ṁLU, the final results for heat transfer and pressure drop in the vapor 
114 
 
passes and the liquid passes can be calculated. At last, the model will proceed to the 4th pass in 
which the two streams recombine. The outputs of the whole model will be the refrigerant and air 
outlet states, heating capacity, pressure drop, and subcooling. The code is implemented in 
MATLAB (R2017a). Refrigerant properties are got from REFPROP 10.0 (Lemmon et al., 2018). 
8.3 RESULTS AND DISCUSSION 
8.3.1 MODEL VALIDATION 
First, the model is validated against experiment data under 67 different operating conditions 
per SAE Standard J2765 (2008). The tested condenser is the one shown in Figure 3.2 in Chapter 
3. The geometrical characteristics for the condenser are listed in Table 3.1. A detailed description 
of the A/C system test facility was introduced in Section 3.2. 
Air temperature is 35 ºC or 45 ºC. The refrigerant condensing pressure ranges from 1175 to 
1674 kPa and the R134a mass flow rate from 15.1 to 34.4 g·s-1, which corresponds to mass flux 
through the 1st pass in the range of 145 – 330 kg·m-2·s-1. Subcooling at the condenser exit is 
controlled in the range of 0 – 20 K. Liquid flow rate distribution is assumed to be uniform for 
two-phase inlet at one pass. 
Figure 8.4(a) shows the comparison of predicted and measured heating capacities for the 
separation condenser. 98.5% of the data points are predicted within +/-5 % deviation from the 
experimental results. Figure 8.4(b) compares the predicted and measured condenser pressure 
drop. 97 % of the data points are predicted within +/-20 % deviation from the experimental 
results. Overall, modeling results show good agreement with experimental results. 
Figure 8.5(a) shows the infrared image of the surface temperature of the separation condenser 




Figure 8.4 Comparison of the experiment results and the model results: (a) Condenser capacity; (b) 
Pressure drop 
modeling results for the same inlet condition. For this case, the liquid distribution profile for 
each pass is based on the length of the subcooled region of each tube from the infrared image. 
The two profiles of surface temperature match well. Tro=44.2 °C in the model, 2.4 K higher than 
Tro in the experiment. The difference in Tro only causes a difference of 1.6 % in Q. xU of the 
second header, as defined by Eqn. (4.3), is calculated to be 0.67 by the model. Complete phase 
separation does not happen in this case, proving the necessity of the second header model to 
calculate the separation efficiency. The calculated values of xU for all the test conditions from 
Figure 8.4 vary from 0.56 to 0.75, while xIN is equal to 0.41 to 0.66. 
8.3.2 EFFECT OF DIAMETER OF THE SECOND HEADER 
Phase separation happens in the second header, so the header size is probably the most 
intuitive variable for parametric study. Figure 8.6 simulates another inlet condition from Figure 







Figure 8.5 Comparison of the local wall temperature: (a) Experiment result; (b) Modelling result (Pri = 
1333.9 kPa, Tri = 74.0 ˚C, ṁr = 31.2 g·s-1, Tai = 35.1 ˚C, vai = 2.0 m·s-1, RHai = 0.17) 
 
Figure 8.6 Separation efficiencies for different diameters of the second header (Pri = 1426.8 kPa, Tri = 
72.9 ˚C, ṁr = 26.1 g/s, Tai = 35.1 ˚C, vai = 1.5 m/s, RHai = 0.22) 
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D-shape header changes from 9.2 mm to 14.7 mm. The rest of the condenser geometry is kept 
the same as in Figure 3.2 and Table 3.1. In addition, Figure 8.6 also demonstrates how the 
second header and the downstream passes cooperate to fix the ηV and ηL in the condenser for one 
inlet condition. 
The pass model and the header model each output a curve of ηL vs ηV. The intersection of the 
two curves equals to the real separation efficiency. The trend of the curve of the second header 
model has been shown in Chapters 5 and 6 abundantly: the more vapor goes up (ηV increases) in 
the second header, the more liquid will be entrained upward (ηL decreases) because the 
interfacial drag force will become bigger. The trend of the curve of the pass model is the 
opposite, which is based on the pressure drop balance between the upper passes and the lower 
passes, as discussed in section 8.2.2. The more vapor goes up (ηV increases) into the 2nd-upper 
pass, the less liquid will go up (ηL increases), because if both ṁVU and ṁLU increase the pressure 
drop in the upper passes will exceed that in the lower passes. ηV starts from 0.67 because when 
ηV is lower than 0.67 meaning more vapor flow going into the lower passes, ΔP in the lower 
passes will be too high for ΔP in the higher passes to balance. So, it is physically impossible for 
ηV to be lower than 0.67 for this condenser geometry and this operating condition. When the 
condenser geometry and the operating condition change, the starting value for ηV will change. 
From the inlet condition to the condenser shown in Figure 8.6, after de-superheating and 
condensation in the 1st pass, the inlet condition to the second header is p1st,ro = 1412.8 kPa, ṁ1st,ro 
= 26.1 g/s, x1st,ro = 0.553. Then for this inlet condition and the same ηV, increasing Deq reduces 
the vapor velocity in the vertical direction in the header, thus decreasing the upward interfacial 
drag. So, less liquid goes up and ηL increases. The ηL - ηV curve of the second header is shifted 
upward. As a result, its intersection with the ηL - ηV curve of the pass model moves toward the 
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upper right direction in Figure 8.6. Therefore, increasing the diameter of the second header will 
increase both ηL and ηV in a separation condenser with constant inlet condition. 
Figure 8.7 shows the corresponding xU for each header diameter for the same inlet condition 
as in Figure 8.6. When both ηL and ηV increase, that means ṁVU increases and ṁLU decreases 
based on Eqns. (1) and (2). xU will for sure increase based on Eqn. (3), which is shown by the 
upward-shifted curves of the second header model in Figure 8.7. 
The effect of Deq on the condenser capacity will be discussed in the next chapter. 
8.3.3 EFFECT OF AIR VELOCITIES FOR THE UPPER AND LOWER PASSES 
As has been discussed in Section 8.2.2, in a separation condenser, the upper path and the 
lower path finally mix in an integrated receiver. Between the second header exits and the 
integrated receiver, downstream air velocity affects the downstream flow resistance and the 
pressure drop in those passes. That sets the pressure boundary conditions at the downward exit 
and the upward exit, thus altering the separation efficiencies in the header. To demonstrate this, 
four cases are simulated at the same refrigerant inlet condition (Tri, Pri, ṁr). Air-side face velocity  
 
Figure 8.7 xU for different diameters of the second header (same inlet condition as Figure 8.6) 
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is changed from the uniform distribution of 1.5 m/s all over the condenser to three other non-
uniform air distributions for the upper passes and the lower passes, while the total volumetric 
flow rates of the air are maintained the same. Table 8.2 shows the velocity pairs used. Deq of the 
second header is maintained as 11.0 mm which is the original size. 
For the same inlet condition as in Figure 8.6 except for the air inlet velocity, Figure 8.8 
shows the different values of ηV and ηL for the four pairs of velocities in Table 8.2, together with 
the wall temperature profile of each. From case (a) to case (d), the air velocity for the upper 
passes, vUai, increases, with case (b) being the case of uniform vai. Comparing the cases in Figure 
8.8, with a higher vUai, a higher ηV and a lower ηL is calculated by the model. Also, with a higher 
vUai, the heat transfer coefficient of air becomes higher, so the wall temperature at the exit of the 
3rd-upper pass becomes lower. Correspondingly, the wall temperature at the exit of the 3rd-lower 
pass becomes higher due to the lower air-side heat transfer coefficient for the lower passes.  
Although case (d) has the lowest refrigerant temperature at the exit of the 3rd-upper pass, case 
(b) has the lowest the Tro (38.8 ˚C) of the condenser. Subcooling of case (b) is 13.1 K. As all the 
cases in Figure 8.8 have single-phase refrigerant flow at the condenser outlet, Tro signifies the 
specific enthalpy hro at the outlet based on R134a property. hro is the lower with a lower Tro. And 
since all cases have the same refrigerant inlet condition, case (b) has the highest condenser 
capacity for this particular comparison. How the air distribution affects the capacity will be 
discussed more in the next chapter. 
Figure 8.9 shows the ηL - ηV curves of the pass model for all the four cases and explains the  
Table 8.2 Variable air velocity for the upper passes and the lower passes 
Circuitry Distribution 1 Distribution 2 Distribution 3 Distribution 4 
Upper passes (m/s) 1.2 1.5 1.8 2 




(a) ηV = 71.0 %, ηL = 44.3 % 
  
(b) ηV = 74.9 %, ηL = 40.4 % 
  
(c) ηV = 80.2 %, ηL = 35.1 % 
  
(b) ηV = 84.4 %, ηL = 30.9 % 
Figure 8.8 Wall temperature for different air velocity distributions: (a) vUai = 1.2 m/s; (b) Uniform air (vai 
= 1.5 m/s); (c) vUai = 1.8 m/s; (d) vUai = 2 m/s (Pri = 1426.8 kPa, Tri = 72.9 ˚C, ṁr = 26.1 g/s, Tai = 35.1 ˚C, 




Figure 8.9 Different separation efficiencies for different air velocity distributions for the upper passes and 
lower passes (same refrigerant inlet condition and Tai as Figure 8.8) 
reason why ηV becomes higher and ηL becomes lower from case (a) to case (d) in Figure 8.8. The 
upper passes with higher air velocity (vUai) allow more vapor flow to come in because the higher 
air velocity lowers the average quality and the lower average quality lowers the average 
frictional factor. As a result, at the same value of ηL, ηV is higher for the case of higher vUai, i.e., 
the curve is translated to the RHS. Thus, the pass model curve intersects with the header model 
curve at a higher ηV but a lower ηL. 
Figure 8.10 shows the corresponding xU for the same inlet conditions as in Figure 8.9. The xU 
- ηV curve is also translated to the RHS as vUai increases. When ηL decreases and ηV increases, 
that means both ṁVU and ṁLU increase based on Eqns. (1) and (2), so it is hard to determine the 
changing trend of xU directly. But the intersections in Figure 8.10 show xU actually decreases a 
little bit based on the relative magnitude of ṁVU to ṁLU, but the changing amount is relatively 
small (from 0.61 to 0.60) compared to the amount caused by changing Deq in Figure 8.7. The 




Figure 8.10 Different xU for different air velocity distributions for the upper passes and lower passes 
(same refrigerant inlet condition and Tai as in Figure 8.8) 
header. If Deq = 14.7 mm as in Figure 8.7,  the change of xU by the air velocity maldistribution 
will be bigger. 
8.4 SUMMARY AND CONCLUSION 
The mechanistic model built in Chapter 5 to predict the phase separation efficiency in the 
second header is incorporated into the model for separation condensers. The model of the second 
header provides inputs to the 2nd-upper pass and the 2nd-lower pass of the separation condenser. 
Modeling results are compared with the experiment results of a mid-size MAC condenser. The 
difference for capacity is ±5% and ±20% for pressure drop. The model could be used to provide 
a guide for the design of separation condensers. 
While separation happens in most cases, the efficiencies (ηV for vapor and ηL for liquid) are 
not equal to 100% for the simulated conditions. The quality going up into the 2nd-upper pass, xU, 
vary from 0.56 to 0.75, while the inlet quality to the second header xIN is equal to 0.41 to 0.66. 
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For a fixed inlet condition, increasing the diameter of the second header will increase ηV and 
ηL in the condenser. xU will also be increased.  
By changing the downstream air velocities while maintaining the total air flow rate a constant, 
it has been shown that the downstream flow resistance has an impact on the separation 
efficiencies as well. Increasing the air velocity for the upper passes will increase ηV but decrease 
ηL. xU is decreased as the air velocity for the upper passes increases, and the changing amount is 
smaller than that caused by changing the diameter of the second header. 
The effects of diameter and air distribution on condenser capacity will be discussed in the 
next chapter.  
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Chapter 9 OPTIMIZATION OF THE MICROCHANNEL 
CONDENSER WITH SEPARATION CIRCUITRY 
 
9.1 INTRODUCTION 
Chapter 3 proves by experiments that separation of vapor and liquid is beneficial only for a 
condenser prototype with a specific pass circuitry. This chapter first explains the trade-off 
between high quality and high mass flux of the flow in the upper passes, based on the steady-
state condenser model built in Chapter 8. Then, this chapter presents a search for the optimal 
design of separation condensers. Parameters are optimized on pass circuitry, fin density, and air 
velocity distribution. A general order of tube numbers in each pass is given for the optimal pass 
circuitry. After the optimization, the separation condenser shows a 17.8 % improvement in the 
mass flow rate of R134a compared to the conventional condenser with the same total airside area. 
9.2 TRADE-OFF BETWEEN QUALITY AND MASS FLUX IN THE 
UPPER PASSES 
Li (2016) showed that a higher separation efficiency in the second header did not necessarily 
benefit the condenser performance. The reason for that is the trade-off between the high heat 
transfer coefficient and the large pressure gradient of the vapor flow in the upper passes. 
In a separation condenser, the upper path and the lower path finally recombine in an 
integrated receiver. Pressure drop through the upper path and the lower path must be equal. 
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Figure 9.1(a) depicts the relationship between ṁU and xU for different values of inlet flow rate 
ṁIN in the same separation condenser as Figure 1.7(b). The air-side condition is the same as in 





Figure 9.1 Separation impact on (a) the mass flow rate in the upper pass and (b) the condenser capacity 
(Pass circuitry in Figure 1.7b, R134a, Pri = 1408 kPa, Tri = 78.9 C̊, Tai = 35.1 C̊, vai = 3 m/s, RHai = 22.5 %) 
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vary freely. The curve “Boundary for separation” denotes the cases where xU = xIN. It is clear 
from Figure 9.1(a) that ṁU decreases with increasing xU. That is because, with improved 
separation efficiency, more vapor goes into the flow in the upper passes, so the frictional factor 
becomes larger. On the other hand, with more liquid in the lower passes, the frictional factor in 
the lower passes becomes smaller. Therefore, the mass flow rate in the upper passes ṁU has to 
reduce to balance the pressure drop in the upper passes and that in the lower passes. From heat 
transfer point of view, lower mass flux gives a lower heat transfer coefficient. Therefore, the heat 
transfer coefficient in the upper pass is not necessarily increased by a higher xU because there is a 
lower mass flux GU. From these analyses, there should be an optimal xU which gives the highest 
condenser capacity Q. Figure 9.1(b) shows the corresponding Q as xU varies in Figure 9.1(a). At 
low ṁIN (36 g/s and 40 g/s), the optimal xU is 1; as ṁIN becomes higher (44 g/s and 48 g/s), the 
optimal xU becomes smaller. 
It is worth noting that the results in Figure 9.1 are based on the free-varying diameter of the 
second header. For a fixed hear geometry and fixed inlet operating condition, the xU should 
certainly be fixed at one value. 
Increasing the number of microchannel tubes in the upper passes not only increases the area 
in those passes but also increases the vapor separation efficiency ηV in the second header, 
because decreasing the flow resistance in the upper passes lowers the boundary pressure on the 
upward exit plane. However, it may not benefit for the heat transfer coefficient because the mass 
flux is reduced by a larger number of tubes. Meanwhile, tube number of lower passes should be 
maintained to allow enough passage for liquid drain and appropriate ηL. 
From the analysis above, a high overall heat conductance UA requires comprehensive 
consideration when designing the separation condenser. It is evident that the circuitry of the 
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separation condenser has an impact on the overall heat transfer. To maximize the benefits of 
high-quality two-phase flow, the mass flux at the upper passes should not be too low. Whether 
the original designing benefits would exist or not is determined by the trade-off between flow 
quality and mass flux at each pass. 
With the potential shown by the 2U2LS (two upper passes – two lower passes – one 
subcooling pass)  type of the separation condensers in Figure 3.3, the following sections first use 
the same geometry for the separation condenser and vary only the pass circuitry to achieve an 
optimal one. A criterion (refrigerant exit enthalpy hro) for condensers that is similar to the 
comparison criterion (Tro) used in Section 3.3.1 will be used. Then, the fin density and the airside 
face velocity will be varied to explore the effects of them on the design. The operating condition 
is going to be kept the same with M35a in Figure 3.4, as shown in Table 9.1. 
9.3 EFFECT OF PASS CIRCUITRY 
The simulation in this chapter is carried out in MATLAB (R2018a). The refrigerant 
properties are calculated from REFPROP 10.0 (Lemmon et al., 2018). The number of element in 
each microchannel tube is chosen to be 120. Further increment of the element number will not 
cause hro to vary over 0.03 kJ/kg, and the resulting change on capacity is under 0.04%.  
Table 9.1 Simulated inlet condition (M35a from Figure 3.4) for R134a 
Parameter Value 
Pcri [kPa] 1328.8 
Tcri [°C] 78.4 
Tcai [°C] 35.1 
Vcai [m/s] 3.03 
RHcai [-] 14% 
ṁr [g/s] 33.5 
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Under the same refrigerant inlet conditions (Pri and Tri), ṁr, and air inlet condition, hro is used 
as the criterion for comparing condenser performance. The lower hro is, the higher is the capacity 
Q according to Eqn. (3.4); thus, the more effective is the condenser. 
330 pass circuitries for the separation condenser have been simulated. The total tube number 
is fixed at 54. When assigning the tube number to each pass, the number of tubes for passes 
should decrease as condensate is formed along the flow direction. This rule works as the bottom 
line when designing the circuitries. Table 9.2 lists the top 20 ranks for the simulated circuitries in 
those simulations. Two adjacent ranks are differentiated by a difference in hro equal to the 
Table 9.2 Overview of top 20 ranks for the 2U2LS condenser (Nt = 54) 
Rank Circuitry hro [kJ/kg] x1st,ro x2U,ri x2L,ri ηV ηL 
1 26-10-3-6-3-6 251.432 0.419 0.479 0.349 0.618 0.514 
2 28-9-3-4-3-7 251.464 0.368 0.435 0.275 0.685 0.483 
3 26-8-4-7-3-6 251.493 0.419 0.482 0.353 0.590 0.543 
4 25-12-3-4-3-7 251.523 0.445 0.491 0.364 0.702 0.417 
5 27-10-3-6-2-6 251.553 0.393 0.454 0.307 0.677 0.472 
6 24-11-3-7-2-7 251.584 0.471 0.517 0.406 0.643 0.465 
7 25-9-3-7-2-8 251.618 0.445 0.498 0.380 0.616 0.503 
8 23-4-2-11-6-8 251.643 0.497 0.602 0.466 0.282 0.815 
9 23-3-2-14-7-5 251.674 0.497 0.648 0.468 0.211 0.887 
10 28-7-6-3-2-8 251.703 0.368 0.427 0.254 0.764 0.403 
11 25-10-3-4-3-9 251.740 0.445 0.493 0.369 0.676 0.443 
12 23-2-2-13-7-7 251.764 0.497 0.693 0.470 0.174 0.924 
13 23-4-3-12-7-5 251.795 0.497 0.601 0.466 0.284 0.813 
14 21-11-5-5-4-8 251.824 0.551 0.584 0.497 0.664 0.418 
15 23-5-3-8-7-8 251.855 0.497 0.571 0.461 0.380 0.718 
16 25-7-7-4-3-8 251.885 0.445 0.492 0.368 0.684 0.435 
17 23-3-2-10-7-9 251.914 0.497 0.619 0.467 0.250 0.848 
18 23-2-2-11-7-9 251.954 0.497 0.666 0.469 0.193 0.904 
19 18-14-5-6-3-8 251.975 0.634 0.658 0.586 0.686 0.384 
20 20-12-7-5-4-6 252.010 0.578 0.606 0.522 0.701 0.375 
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modeling accuracy 0.03 kJ/kg. Since moving of one or two tubes between passes causes little 
impact on hro, one rank may have several circuitries that generate a hro within ±0.015 kJ/kg. 
Each circuitry is named by the tube number array N1st-N2U-N3U-N2L-N3L-N4th (for example, 
26-10-3-6-3-6). For all the 330 simulated circuitries, the lowest hro is 251.432 kJ/kg and the 
highest hro is 252.712 kJ/kg. Take the difference and divide it by 0.03 kJ/kg, there are 42 ranks 
for all the simulated circuitries. The higher ranks have more circuitries in each than the lower 
ranks do. 
The inlet quality to the second header x1st,ro and the qualities into the 2nd-upper pass and 2nd-
lower pass are also listed in Table 9.2. It shows that for most cases phase separation happens in 
the second header because ηV and ηL are higher than 0.5. Yet, the separation is not complete, 
since ηV and ηL are both lower than 1. As has been explained in Chapter 8, these efficiencies are 
the intersection of the ηL-ηV curve calculated from the second header model, based on the two-
phase separation mechanism, and the ηL-ηV curve of the condenser pass model, based on the 
pressure drop balance between the upper passes and the lower passes. 
For some special cases such as Rank 8 and Rank 9, ηV is lower than 0.5, which is due to 
fewer tubes in the upper passes than in the lower passes, e.g. 6 tubes in the upper pass and 17 
tubes in the lower passes for Rank 8. As explained in Section 9.2, the vapor flow rate going into 
the upper passes has to be small for these cases so that the pressure drop in those passes can be 
balanced with that in the lower passes. When ηV is lower, the liquid entrainment becomes small 
in the second header, so the ηL is high (0.815 for Rank 8). Thus, in the end, x2U,ri (0.602 for Rank 
8) going to the 2nd-upper pass is still higher than x1st,ro (0.497 for Rank 8), so that the HTC in the 
upper passes can be maintained. x2U,ri is generally bigger than x1st,ro by 0.05 – 0.2, while x2L,ri 
smaller than x1st,ro by 0.05 – 0.15. 
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It is worth noting that hro of the original 2U2LS design (21-11-7-4-3-8) in the experiments in 
Chapter 3 is equal to 251.888 kJ/kg, which is in Rank 16 in Table 9.2, 15 ranks lower than the 
top circuitry 26-10-3-6-3-6.. 
For Rank 1 in Table 9.2, there are 12 circuitries. Table 9.3 listed the Top 10 circuitries from 
them, which are certainly the top circuitries among all the simulated circuitries. Since these 
circuitries have the biggest difference in hro within the modelling accuracy of 0.03 kJ/kg, each of 
them can be regarded as the best circuitry. It can be found that, to achieve the optimal circuitry 
for the 2U2LS condenser having 54 microchannel tubes, N1st will need to be 26±3, which is 
about half of the Nt. Then, the tube number for each pass generally follows the order N2U > N4th ≥ 
N2L ≥ N3U ≥ N3L. N4th should be 5-7 for Nt = 54. 
From Section 9.2, we know that with a higher xU (equivalent to a higher separation efficiency) 










  (9.1) 
Table 9.3 Top 10 circuitries for the 2U2LS condenser (Nt = 54) 
Circuitry hro [kJ/kg] x1st,ro x2U,ri x2L,ri ηV ηL 
26-10-3-6-3-6 251.432 0.419 0.479 0.349 0.618 0.514 
27-11-4-4-2-6 251.444 0.393 0.446 0.284 0.765 0.384 
26-10-4-5-3-6 251.444 0.419 0.473 0.339 0.675 0.458 
29-10-4-3-2-6 251.445 0.343 0.405 0.208 0.809 0.380 
26-9-4-6-3-6 251.447 0.419 0.477 0.346 0.633 0.500 
26-9-3-6-3-7 251.447 0.419 0.480 0.351 0.605 0.528 
27-9-3-6-4-5 251.450 0.393 0.465 0.323 0.586 0.562 
26-8-3-7-3-7 251.451 0.419 0.486 0.356 0.561 0.571 
28-10-4-4-3-5 251.454 0.368 0.430 0.265 0.728 0.439 
25-10-4-6-3-6 251.456 0.445 0.496 0.376 0.640 0.479 
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where flo=0.046Re-0.2 and Φlo2 is a curve-fitting constant based on quality x. Φlo2 generally 
increases with x and reaches a peak around x=0.9. So (dp/dz)f ∝ G1.8.  Since the axial length z is 
independent of G, the pressure drop in flow path dp ∝ G1.8. From Figure 1.5, it is evident that 
HTC has smaller exponentiation with respect to G than (dp/dz)f does. So, to compensate for the 
deterioration of HTC due to the dp constraint, the relative heat transfer area of the upper passes 
to the lower passes appears to be important. If this area ratio can be manipulated well, the 
condenser capacity should have a monotonical relationship with the separation efficiency. 
9.4 EFFECT OF FIN DENSITY 
Based on the analysis in Section 9.3, the heat transfer area of the upper passes should be 
increased to compensate for the higher pressure drop of vapor-rich flow. More MC tubes can 
increase the area but cannot maintain the mass flux. The other solution would be to increase the 
fin-side area. Thus, as illustrated by Figure 9.2, the fin density in the upper passes will be 
increased in this section. To maintain the material cost the same, fin density in the lower passes 
will be decreased. The fin densities in the 1st pass and the 4th pass stay the same. Thus, the total 
fin number stays the same. Air velocity can be controlled by grilles or fan arrays, so it is assumed 
 
Figure 9.2 Varying fin density in the upper passes and the lower passes of the separation condenser 
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to be uniform (3.0 m/s) as in Section 9.3. 
The top five designs in Table 9.3 are picked out to check the improvement by variable fin 
density. The uniform fin pitch is 1.21 mm in Table 3.1 and the length of a tube covered by fins is 
670 mm. There are 554 fins per row. The variable fin density is shown in Table 9.4. Fin pitch in 
the upper passes and that in the lower passes are shown in pairs with one increasing and the other 
decreasing. 
Figure 9.3 demonstrates that for each of the circuitries, changing fin density will affect the 
condenser capacity Qc. Here, a highest Qc means a lower hro based on Eqn. (1); both can be used 
to compare the condenser performance. Qc is low when the upper-pass fin pitch is either too high 
or too low. Figure 9.3 shows Pair 5 (fin pitch of 1.15 mm in the upper passes) or Pair 6 (uniform 
fin pitch) of the fin pitches gives rise to the highest Qc for each simulated circuitry. The highest 
value of Qc (6512.0 W) happens in 29-10-4-3-2-6 with Pair 5 of fin pitches. The Qc (6497.0 W) 
of the separation prototype 21-11-7-4-3-8 in the experiment from Section 3.3.1 is also marked in  
Table 9.4 Variable fin pitches for the upper passes and the lower passes 
Circuitry Pair 1 Pair 2 Pair 3 Pair 4 Pair 5 
26-10-3-6-3-6 0.9 / 2.41 1 / 1.74 1.05 / 1.55 1.1 / 1.41 1.15 / 1.31 
27-11-4-4-2-6 0.9 / 8.71 1 / 2.55 1.05 / 1.95 1.1 / 1.61 1.15 / 1.39 
26-10-4-5-3-6 0.9 / 3.05 1 / 1.91 1.05 / 1.65 1.1 / 1.47 1.15 / 1.33 
29-10-4-3-2-6 0.9 / 34.03 1 / 2.94 1.05 / 2.11 1.1 / 1.68 1.15 / 1.42 
26-9-4-6-3-6 0.9 / 2.41 1 / 1.74 1.05 / 1.55 1.1 / 1.41 1.15 / 1.31 
Circuitry Pair 6 Pair 7 Pair 8 Pair 9 Pair 10 
26-10-3-6-3-6 1.21 / 1.21 1.25 / 1.16 1.3 / 1.1 1.35 / 1.05 1.4 / 1.01 
27-11-4-4-2-6 1.21 / 1.21 1.25 / 1.12 1.3 / 1.03 1.35 / 0.96 1.4 / 0.90 
26-10-4-5-3-6 1.21 / 1.21 1.25 / 1.15 1.3 / 1.08 1.35 / 1.02 1.4 / 0.98 
29-10-4-3-2-6 1.21 / 1.21 1.25 / 1.11 1.3 / 1.01 1.35 / 0.94 1.4 / 0.88 
26-9-4-6-3-6 1.21 / 1.21 1.25 / 1.16 1.3 / 1.1 1.35 / 1.05 1.4 / 1.01  




Figure 9.3 Qc of the separation condensers with variable fin density (inlet condition in Table 9.1) 
Figure 9.3.  
hro of the optimal 29-10-4-3-2-6 circuitry with Pair 5 of fin pitches is 251.419 kJ/kg, 
compared with the lowest hro of 251.432 kJ/kg of the 26-10-3-6-3-6 circuitry before fin 
optimization, the difference is smaller than the modeling accuracy 0.03 kJ/kg. So, they are at the 
same rank as defined in Table 9.2. While the analysis in Section 9.3 remains correct, the 
conclusion can be drawn that for optimized pass circuitries, the optimization on fin density 
provides limited further improvement. 
While all the other circuitries in Figure 9.3 have the highest Qc for Pair 5 of the fin pitches, 
for the 26-10-3-6-3-6 circuitry the uniform fin pitch gives the lowest hro. In the next section, both 
Pair 5 (fin pitch of 1.15 mm in the upper passes) and Pair 6 (uniform fin pitch) will be used to 





9.5 EFFECT OF DISTRIBUTION OF AIR VELOCITY  
To maximize the condenser performance, higher air velocity can be assigned to passes with 
higher in-tube heat transfer coefficients. The air velocity also affects the downstream flow 
resistance thus changing the separation efficiency. In a MAC system, many factors could cause 
the nonuniformity of air velocity either passively or actively, such as the bumper, fender, grille, 
fan number, fan position, condenser orientation, etc. It is worth exploring the effect of pre-
assumed air velocity distribution on condenser performance as a first step towards understanding 
the design of separation condensers. The final design should take into account the real on-site 
distribution of air velocity. 
The five circuitries in Table 9.4 with the fin pitches of Pair 5 and Pair 6 are simulated. The 
values for variable air velocities are shown in Table 9.5. The air velocity in the upper passes and 
that in the lower passes are shown in pairs with one increasing and the other decreasing. The 
Table 9.5 Variable air velocity for the upper passes and the lower passes 
Circuitry Pair 1 Pair 2 Pair 3 Pair 4 
26-10-3-6-3-6 2.4 / 3.94 2.6 / 3.65 2.8 / 3.36 3.03 / 3.03 
27-11-4-4-2-6 2.4 / 4.60 2.6 / 4.10 2.8 / 3.60 3.03 / 3.03 
26-10-4-5-3-6 2.4 / 4.13 2.6 / 3.78 2.8 / 3.43 3.03 / 3.03 
29-10-4-3-2-6 2.4 / 4.79 2.6 / 4.23 2.8 / 3.67 3.03 / 3.03 
26-9-4-6-3-6 2.4 / 3.94 2.6 / 3.65 2.8 / 3.36 3.03 / 3.03 
Circuitry Pair 5 Pair 6 Pair 7 Pair 8 
26-10-3-6-3-6 3.2 / 2.78 3.4 / 2.49 3.6 / 2.2 3.8 / 1.92 
27-11-4-4-2-6 3.2 / 2.60 3.4 / 2.10 3.6 / 1.60 3.8 / 1.10 
26-10-4-5-3-6 3.2 / 2.73 3.4 / 2.38 3.6 / 2.03 3.8 / 1.68 
29-10-4-3-2-6 3.2 / 2.55 3.4 / 1.99 3.6 / 1.43 3.8 / 0.87 
26-9-4-6-3-6 3.2 / 2.78 3.4 / 2.49 3.6 / 2.2 3.8 / 1.92 




total air volumetric flow rate is controlled to be the same. 
Figure 9.4 demonstrates that the nonuniformity of the air velocity will affect the Qc. Having 
either too high or too low air velocity on the upper passes negatively affects the Qc. Again, the 
29-10-4-3-2-6 circuitry gives the biggest improvement in capacity. The highest capacity happens 
at Pair 5 of fin density and Pair 5 of the air velocity (3.2 m/s for the upper passes). Qc of this 
design is 6512.3 W while hro of this design is 251.406 kJ/kg, compared with the hro of 251.432 
kJ/kg of the 26-10-3-6-3-6 circuitry in Table 9.2, this is an improvement of one rank. Compared 
with 251.888 kJ/kg of the condenser prototype, it is 16 ranks higher. It can be seen that 
optimization on air velocity distribution also gives limited further improvement to optimal 
circuitries. Together with the optimization of fin density, they elevate the condenser performance 
by one rank. 
Qc of the 29-10-4-3-2-6 circuitry after optimization on fin density and air velocity is 6512.3 
W, and Qc of the separation prototype 21-11-7-4-3-8 before any optimization is 6497.0 W. While 
  
Figure 9.4 Qc of the separation condensers with variable air velocity distrbiution (inlet condition in Table 
9.1): (a) Pfin,U = 1.15 mm; (b) Pfin,U = 1.21 mm 
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the difference seems to be small, it is purely the characteristic of the first criterion (hro) for this 
operating condition. Both condensers have a subcooling of more than 10 K. For the same ṁr, 
further optimization means a lower Tro. Tro of the separation prototype 21-11-7-4-3-8 is already 
37.7 ˚C, close to the 35.1 ˚C of Tai, leaving a little room for a further drop of Tro. Therefore, the 
condenser capacity is not improved drastically using the first criterion. The difference will be 
bigger when the criterion is switched to ṁr, as we will see next. 
It is worth noting the 29-10-4-3-2-6 circuitry has the highest ratio of upper-pass area to the 
lower-pass area (14:5) among the five circuitries in Table 9.4. Since the upper passes have the 
high-quality flow with high refrigerant-side HTC, the 29-10-4-3-2-6 circuitry matches the high-
performance air side with the high-performance refrigerant side, thus giving the highest capacity. 
The conclusion can be drawn that, the improvements on fin density and air velocity work better 
for the separation condensers with a higher ratio of the upper-pass area to the lower-pass area. 
The best order of the tube number shifts to N1st > N2U > N4th ≥ N3U ≥ N2L ≥ N3L. 
Finally, the 29-10-4-3-2-6 circuitry with Pair 5 for fin density and Pair 5 for air velocity from 
Table 9.5 is compared with two condensers (separation prototype condenser 21-11-7-4-3-8 and 
conventional condenser 24-18-12) from Chapter 3 at experimental conditions. The comparison 
criterion is switched to the second criterion in Section 3.3.2, ṁr, while the refrigerant inlet 
temperature Tri, outlet temperature Tro, and condensing temperature Tcd are controlled the same. 
Each condenser has subcooling, so ∆hr is the same and ṁr represents the magnitude of Q. 
Three cases for Tro are simulated as shown in Figure 9.5. Tri and the air inlet condition are the 
same as in Table 9.1. Tcd is kept 49.2 °C, the same as the experimental condition M35a in Figure 
3.4. For each condenser, ṁr is varied to have different Tro. It is clear from Figure 9.5 that the 




Figure 9.5 Comparison of condensate flow rate at the same Tri, Tro, Tcd, and air inlet condition (R134a, Tri 
= 78.4 ˚C, Tcd = 49.2 °C, Tai = 35.1 ˚C, vai = 3.03 m/s, RHai = 14%) 
in the experiment (37.6 °C), ṁr in the 29-10-4-3-2-6 circuitry after optimization on fin density 
and air velocity is 9.6 % higher than that in the conventional 24-18-12 circuitry, while the 
separation prototype has a 7.4 % higher ṁr than the 24-18-12 circuitry in the experiment. 
As ṁr is decreased, the subcooling for each condenser becomes higher, and the improvement 
by the separation circuitry is found to be bigger. The reason for that is because higher subcooling 
increases the single-phase region and reduces the overall UA, which makes the improvement 
more significant. At the highest subcooling (Tro = 36.8 °C), the 29-10-4-3-2-6 circuitry after 
optimization has 17.8 % more ṁr than the 24-18-12 circuitry and 2.4 % more than the 21-11-7-4-
3-8 circuitry; the 24-18-12 circuitry has a subcooling of 12.5 K while the 29-10-4-3-2-6 circuitry 




9.6 SUMMARY AND CONCLUSION 
This chapter presents a search for an optimal design for condensers with the separation 
circuitry based on the experimentally validated steady-state condenser model built in Chapter 8. 
The trade-off between the high heat transfer coefficient and the large pressure gradient of the 
vapor flow in the upper passes limits the performance improvement. 
Parametric studies are conducted on pass circuitry, fin density, and air velocity distribution. 
The tube number in the best circuitry (e.g. 26-10-3-6-3-6) for uniform fin density and uniform air 
velocity generally follows the order N1st > N2U > N4th ≥ N2L ≥ N3U ≥ N3L. Phase separation 
happens in the second header, but not complete. x2U,ri is generally bigger than x1st,ro by 0.05 – 0.2, 
while x2L,ri smaller than x1st,ro by 0.05 – 0.15. 
After optimization of the pass circuitry, optimizations on the fin density and the air velocity 
provide limited further improvement. For the same refrigerant inlet temperature and mass flow 
rate, optimization only on the pass circuitry gives a condenser capacity 15 ranks higher than that 
of the conventional circuitry from Chapter 3, while optimization of the fin density and air 
velocity distribution brings about 1 rank higher.  
Increasing the fin density and the air velocity on the upper side works better for the 
circuitries with a higher ratio of the upper-pass area to the lower-pass area. The best order of the 
tube number then shifts to N1st > N2U > N4th ≥ N3U ≥ N2L ≥ N3L. 
For the same refrigerant inlet and outlet temperatures, the optimal separation circuitry (29-
10-4-3-2-6) after optimization on fin density and air velocity shows up to a 17.8 % increase of 
condensate flow rate than the conventional circuitry. Future work on the optimal design needs to 
consider the in-situ air velocity distribution based on the locations and configurations of fan, 
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